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A B B R E V I A T I O N S
T he  a b b r e v i a t i o n s  u s e d  in t h is  t e xt  a re  t h o s e  
r e c o m m e n d e d  by the B i o c h e m i c a l  J o u r n a l  (1983) w i t h  the 
f o l l o w i n g  a d d i t i o n s :
C P T A 2 - ( 4 - C h l o r o p h e n y l t h i o ) - t r i e t h y l a m i n e  
h y d r o c h l o r i d e
D M A P P D i m e t h y l a l l y l  p y r o p h o s p h a t e
DPA D i p h e n y l a m i n e
FPP F a r n e s y l  p y r o p h o s p h a t e
G G P P G e r a n y l g e r a n y l  p y r o p h o s p h a t e
GPP G e r a n y l  p y r o p h o s p h a t e
HMG 3 - r i y d r o x y - 3 - m e t h y l g l u t a r i c  acid
IPP I s o p e n t e n y l  p y r o p h o s p h a t e
M V A M e v a l o n i c  a ci d
M V A P 5-Phosphomevalonic acid
M V A P P  5 - P y r o p h o s p h o m e v a l o n i c  aci d
PPP P P r e p h y t o e n e  p y r o p h o s p h a t e
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C H A P T E R  1
I N T R O D U C T I O N
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1:1 CAROTENOID NOMENCLATURE
Th e s e m i - s y s t e m a t i c  n a m e s  of c a r o t e n o i d s ,  as 
p r o p o s e d  by the C o m m i s s i o n  on B i o c h e m i c a l  N o m e n c l a t u r e  
(1975), are l i s t e d  here, t o g e t h e r  w i t h  the t r i v i a l  n a m e s .  
H e r e a f t e r ,  c a r o t e n o i d s  w i l l  be r e f e r r e d  to o n l y  by t h e i r  
t r i v i a l  names.
T R I V I A L  N A M E S E M I - S Y S T E M A T I C  N A M E
A n t h e r a x a n t h i n 5 , 6 - E p o x y  - 5 , 6 - d i h y d r o  - 
p , ^ - c a r o t e n e  - 3 , 3 ‘-diol.
OC- C a r o t e n e p ,Ç - c a r o t e n e .
|3 - C a r o t e n e (B,[B - c a r o t e n e .
- C a r o t e n e [3 - c a r o t e n e .
S - C a r o t e n e £  - c a r o t e n e .
- C a r o t e n e 7 , 8 , 7 * , 8 *  - t e t r a h y d r o  - 
- c a r o t e n e
L y c o p e n e - c a r o t e n e
L y c o p e r s e n e 7 , 8 , 1 1 , 1 2 , 1 5 , 7 ' , 8  ,11 ,12 ,15" - 
d e c a h y d r o  - Ip , ^  - c a r o t e n e
N e u r o s p o r e n e 7,8 - d i h y d r o  - y /  ,1^ - c a r o t e n e
P h y t o e n e 7 , 8 , 1 1 , 1 2 , 7 ' , 8 ' , 1 1 ' , 1 2 *  -
o c t a h y d r o  - , \|/ - c a r o t e n e
P h y t o f l u e n e 7. 8 , 1 1 , 12 , 7' , 8 ’ - h e x a h y d r o  - 
- c a r o t e n e
V i o l a x a n t h i n 5 , 6,5 ' ,6* - d i e p o x y  - 5,6,5* ,6' 
t e t r a h y d r o  - (3, [3 - c a r o t e n e  - 
3,3* - d i o l
- Z e a c a r o t e n e 7 , 8 *  - d i h y d r o  - [3 - c a r o t e n e
Z e a x a n t h i n |3,|3 - c a r o t e n e  - 3,3* - d i o l
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1:2 FUNCTION OF CAROTENOIDS
1:2:1 P H O T O P R O T E C T I O N  BY C A R O T E N O I D S
1 : 2: 1 : 1 I n t r o d u c t i o n .  T h e r e  h a v e  b e e n  m a n y  r e p o r t s  
d e t a i l i n g  the  s e n s i t i v i t y  of p h o t o s y n t h e t i c  o r g a n i s m s  to 
h i g h  l i g h t  f l u e n c e s ,  w h e n  s y n t h e s i s  of c o l o u r e d  c a r o t e n o i d s  
has b e e n  i m p a i r e d  t h r o u g h  m u t a t i o n  or c h e m i c a l  i n h i b i t i o n  
( G o o dw i n,  1980 for r e v i e w ) .  In s e v e r a l  s p e c i e s  of p i g m e n t e d  
m i c r o - o r g a n i s m s  it has b e e n  o b s e r v e d  t h a t  c u l t u r e s  l a c k i n g  
c a r o t e n o i d s  t h r o u g h  m u t a t i o n ,  g r o w t h  c o n d i t i o n  or c h e m i c a l  
i n h i b i t i o n  are s e n s i t i v e  to l i g h t  e.g. M i c r o c o c c u s  l u t e u s  
( M a t h e w s  and S i s t r o m ,  1960 ), Da c r v o o i n a x  s p a t h u l a r i a  
( G o l d s t r o m  and Lilly , 1965) and N e u r o s p o r a  c r a s s a  (Morr is  
and S u b d e n  1974). C a r o t e n o i d s  h a v e  b e e n  s h o w n  to p r o t e c t  
w h o l e  b a c t e r i a  ( C o r v n e b a c t e r i u m  poinsett>3e) and i s o l a t e d  
b a c t e r i a l  m e m b r a n e s  (M . l u t e u s  ) f r o m  an a r t i f i c i a l  
p h o t o s e n s i t i s e r  in the p r e s e n c e  of l i g h t  ( K u n i s a w a  and 
S t a n i e r ,  1958 ; P r e b b l e  and Hu da  , 1 973 ).
1 : 2 : 1 ;2 P h o t o d e s t r u c t i o n  and P h o t o p r o t e c t i o n .  In the
a b s e n c e  of c o l o u r e d  c a r o t e n o i d s ,  l i g h t  and o x y g e n  a p p e a r  to 
i n t e r a c t  in su ch  a w a y  as to be h i g h l y  d e s t r u c t i v e  (see 
1:2: 1:1). It w as  p r o p o s e d  t h a t  c o l o u r e d  c a r o t e n e s  p r o t e c t
p h o t o s y n t h e t i c  o r g a n i s m s  f r o m  c h l o r o p h y l l  —  m e d i a t e d  
p h o t o d y n a m i c  d e s t r u c t i o n  ( G r i f f i t h s  ejt a_l. , 1955 ).
F u r t h e r m o r e ,  in v i e w  of the h i g h l y  r e a c t i v e  n a t u r e  of o x y g e n  
in the s i n g l e t  e n e r g y  s t a t e  (Sche nk , 1954), c a r o t e n o i d s  w e r e  
s u g g e s t e d  to q u e n c h  the s i n g l e t  o x y g e n - g e n e r a t i n g  t r i p l e t
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S t a t e  of c h l o r o p h y l l  ( F u j i m o r i  and L i v i n g s t o n ,  1957). 
C a r o t e n o i d s  w e r e  a l s o  f o u n d  to q u e n c h  s i n g l e t  o x y g e n  w i t h o u t  
b e i n g  o x i d i s e d  ( Fo ote  and Denny, 1968) p o s s i b l y  t h r o u g h  th e 
f o r m a t i o n  of c a r o t e n o i d s  in the  t r i p l e t  e n e r g y  s t a t e  ( F o o t e  
et a l . , 1 970) .
In n o n - p h o t o s y n t h e t i c  o r g a n i s m s ,  c a r o t e n o i d s  m a y  
p r o t e c t  a g a i n s t  s i n g l e t  o x y g e n  f o r m a t i o n  f r o m  
p h o t o s e n s i t i S a t i o n  of a p i g m e n t  o t h e r  t h a n  c h o r o p h y l l .  The 
a c t i o n  s p e c t r u m  for the p h o t o d e s t r u c t i o n  of c a r o t e n o i d l e s s  
c u l t u r e s  of M v x o c o c c u s  x a n t h u s  is s i m i l a r  to the a b s o r b t i o n  
s p e c t r u m  of p r o t o p o r p h y r i n  X ( B u r c h a r d t  and H e n d r i c k s ,  
1969).
T r i p l e t  s t a t e  c h l o r o p h y l l  f o r m a t i o n  is f a v o u r e d  by 
h i g h  l i g h t  f l u e n c e s  and m a y  be g e n e r a t e d  in the a n t e n n a  
c o m p l e x e s  t h r o u g h  i n t e r s y s t e m  c r o s s i n g  f r o m  e x c i t e d  ( s i n g l e t  
st at e ) m o l e c u l e s ,  or in the r e a c t i o n  c e n t r e s  t h r o u g h  a 
r e v e r s e  c h a r g e  s e p a r a t i o n  p r o c e s s  (see M a t h i s  and S che nk.  
1982).
For c a r o t e n o i d s  to be a b l e  to q u e n c h  s i n g l e t  
o x y g e n  t he c a r o t e n o i d  t r i p l e t  s t a t e  e n e r g y  m u s t  be b e l o w  the 
94.1 k J/ mol  d e t e r m i n e d  for s i n g l e t  o x y g e n  f o r m a t i o n  (F oo te  
and Denn y, 1968). The r e l a t i o n s h i p  b e t w e e n  p h o t o p r o t e c t i o n  
and c a r o t e n o i d  c o n j u g a t i o n  a b o v e  t he  n o n a e n e  l e v e l  has b e e n  
w e l l  d o c u m e n t e d  (e.g. M a t h e w s - R o t h  and K r i n s k y ,  1970) and 
s u g g e s t s  t h a t  -
i) t h e  c a r o t e n o i d  t r i p l e t  s t a t e  e n e r g y  d e c r e a s e s  w i t h  
i n c r e a s e d  c o n j u g a t i o n ,  and
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ii) the  t r i p l e t  s t a t e  e n e r g y  of c o n j u g a t e d  n o n a e n e  
c a r o t e n o i d s  (e.g. oeu ro5poren<2) is c l o s e  to t h a t  of 
s i n g l e t  o x y ge n .  It has b e e n e s t i m a t e d  t h a t  t he  t r i p l e t  
s t a t e  e n e r g y  of p - c a r o t e n e  is 73 .4 k J / m o l  ( M a t h i s  and 
Kleo, 1973).
Th e p r o c e s s e s  of p h o t o d e s t r u c t i o n  and
p h o t o p r o t e c t i o n  are s u m m a r i z e d  in Fig. 1:2:1.
1: 2:2  C A R O T E N O I D S  IN P H O T O S Y N T H E S I S
1 : 2 : 2 : 1 L i g h t  H a r v e s t i n g  F u n c t i o n .  The e v i d e n c e  f r o m  
v a r i o u s  p h o t o s y n t h e t i c  a c t i o n  s p e c t r a  s u g g e s t s  tha t l i g h t  
a b s o r b e d  by c a r o t e n o i d s  is u s e d  for p h o t o s y n t h e s i s  in h i g h e r  
p l a n t s ,  a l g a e  and b a c t e r i a  ( G o o dw in ,  1980; for r e v i e w ) .  T he  
e f f i c i e n c y  at w h i c h  c a r o t e n o i d - a b s o r b e d  l i g h t  is u se d for 
p h o t o s y n t h e s i s  v a r i e s  e n o r m o u s l y ,  f r o m  n e a r l y  as e f f i c i e n t  
as c h l o r o p h y l l  a. in f u c o x a n t h i n - c o n t a i n i n g  a l g a e  and d i a t o m s  
( Ta na da , 1951), t h r o u g h  h a l f  t h a t  of c h l o r o p h y l l  a. in h i g h e r  
p l a n t s  and g r e e n  a l g a e  ( E m e r s o n  and L ew is,  1 9 4 3 ) , to m i n i m a l  
in re d and b l u e - g r e e n  a l g a e  ( E m e r s o n  and Le wi s, 1942) w h e r e  
p h y c o b i l i n  p i g m e n t s  f u l f i l  t hi s  f u n c t i o n .
T he t r a n s f e r  of e n e r g y  f r o m  i l l u m i n a t e d  
c a r o t e n o i d s  to c h l o r o p h y l l  ( m e a s u r e d  as c h l o r o p h y l l  
f l u o r e s c e n c e )  has b e en  s h o w n  to be a b s e n t  f r o m  e t i o l a t e d  
s e e d l i n g s  u n t i l  4h e x p o s u r e  to l i g h t  ( G o e d h e e r ,  1965; 
M a r g u l i e s ,  1965). B oth  o b s e r v a t i o n s  i m p l i c a t e  p - c a r o t e n e  
r a t h e r  t h a n  x a n t h o p h y l l s  as t he l i g h t  h a r v e s t i n g  c a r o t e n o i d .
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PIG. 1:2:1 PROCESSES OP PHOTODSSTRUCTION AND PHOTOPROTECTION
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It is b e l i e v e d  t h a t  l i g h t  h a r v e s t i n g  c a r o t e n e s  
t r a n s m i t  e n e r g y  to c h l o r o p h y l l  by a s e r i e s  of s i n g l e t  
s i n g l e t  e n e r g y  s t a t e  t r a n s f e r s .  C a r o t e n o i d s  a p p e a r  i d e a l  
for  th is  t y p e  of t r a n s m i s s i o n  as it has be en d e m o n s t r a t e d  
t h a t  t h e  c a r o t e n o i d  s i n g l e t - t r i p l e t  c r o s s o v e r  e f f i c i e n c y  is 
v e r y  l o w  ( B e n s a s s o n  e_t a_l. , 1 976 ) , th us  e n e r g y  is not w a s t e d
in c r o s s i n g  o v e r  to the t r i p l e t  state.
D e t e r g e n t  s o l u b i l i z a t i o n  of p h o t o s y n t h e t i c  
m e m b r a n e s  has a l l o w e d  th e i s o l a t i o n  and c h a r a c t e r i z a t i o n  of 
sever-al p h o t o s y n t h e t i c  p i g m e n t - p r o t e i n  c o m p l e x e s .  In
a d d i t i o n  to p h o t o a c t i v e  r e a c t i o n  c e n t r e s ,  p i g m e n t - p r o t e i n  
c o m p l e x e s  h a v e  b e e n  i s o l a t e d  t h a t  h a v e  no p h o t o c h e m i c a l  
a c t i v i t y  but can s e n s i t i z e  c h l o r o p h y l l  f l u o r e s c e n c e ;  t h e s e  
are b e l i e v e d  to be l i g h t  h a r v e s t i n g  c o m p l e x e s .
T w o  l i g h t  h a r v e s t i n g  c o m p l e x e s  h a v e  b e e n  e x t r a c t e d  
f r o m  p u r p l e  p h o t o s y n t h e t i c  b a c t e r i a ;  the 8 - 8 0 0 : 8 5 0  c o m p l e x  
c o n t a i n i n g  t h r e e  c h l o r o p h y l l s  per c a r o t e n o i d ,  and the 8- 8 70  
c o m p l e x  c o n t a i n i n g  tw o c h l o r o p h y l l s  and two c a r o t e n o i d s  
( C o d g e l l  and T h o r n b e r ,  1980). An a n a l o g o u s  c o m p l e x  to 8- 87 0  
has b ee n  i s o l a t e d  f r o m  a c a r o t e n o i d l e s s  m u t a n t  of 
R h o d o D s e u d o m o n a s  s o h a e r o i d e s  and s p h e r o i d e n e  or n e u r o s p o r e n e  
(not ^ - c a r o t e n e )  s h o w n  to be i n c o r p o r a t e d  i n t o  a s p e c i f i c  
b i n d i n g  s i te  ( D a v i d s o n  and C o d g e l l ,  1981) w h e r e  c a r o t e n o i d  
i n c o r p o r a t i o n  r e s t o r e s  th e c h l o r o p h y l l  s e n s i t i z i n g  
p r o p e r t i e s  of the c o m p l e x .  Th e p r o p e r t i e s  of l i g h t  
h a r v e s t i n g  c o m p l e x e s  e x t r a c t e d  f r o m  h i g h e r  p l a n t s ,  d e p e n d  on 
t he i s o l a t i o n  m e t h o d  us ed  ( B o a r d m a n  e_t aj^. , 1 978 f o r
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r e v i e w ) .  H o w e v e r ,  a b a s i c  s t o i c h i o m e t r y  of 3 c h l o r o p h y l l  
^ : 2 c h l o r o p h y l l  .b; 1 c a r o t e n o i d  has b e en  o b s e r v e d  ( M a t h i s
and S c h e n c k ,  1982) and it has b e e n  s u g g e s t e d ,  f r o m  l o w  
t e m p e r a t u r e  s t u d i e s ,  t ha t  e a c h  b a s i c  s u b - u n i t  c o n t a i n s  
1 c a r o t e n o i d  (M a th i s  ejt aj.. , 1979).
1 t 2 : 2 : 2 :_____C a r o t e n o i d s  A s s o c i a t e d  w i t h  R e a c t i o n  C e n t r e s .
T h e r e  h a v e  b e e n  m a n y  r e p o r t s  s u g g e s t i n g  t ha t  c e r t a i n  
c a r o t e n o i d s  ar e c l o s e l y  l i n k e d  w i t h  the p h o t o - a c t i v e  
r e a c t i o n  c e n t r e s  of bo t h  g r e e n  p l a n t s  and p h o t o s y n t h e t i c  
b a c t e r i a  (e.g. B a r r e t t  and A n d e r s o n ,  1980; C o d g e l l ,  1978). 
H o w e v e r ,  e x p e r i m e n t s  w i t h  v a r i o u s  c a r o t e n o i d l e s s  or c a r o t e n e  
d e f i c i e n t  p h o t o s y s t e m  I p r e p a r a t i o n s  s u g g e s t  t ha t  ^ - c a r o t e n e  
is not e s s e n t i a l  f or p h o t o c h e m i c a l  a c t i v i t y  ( S e a r l e  and
W e s s e l s ,  1978), a l t h o u g h  a c t i v i t y  is i n c r e a s e d  in the 
p r e s e n c e  of ] B - c a r o t e n e  and t h e r e  is g r e a t  a f f i n i t y  in the 
r e a c t i o n  c e n t r e  for - c a r o t e n e  (Oga wa and V e r n o n ,  1970). 
S i m i l a r l y  p h o t o s y s t e m  J_I p r e p a r a t i o n s  d e v o i d  of p> - c a r o t e n e  
w e r e  s t i l l  f o u n d  to be p h o t o a c t i v e  ( K n a f f  e_t a l . . 1 977 )
S p e c t r o p h o t o m e t r i c  a n a l y s e s  of f l a s h  i l l u m i n a t e d  
c h l o r o p l a s t s  h a v e  i d e n t i f i e d  two  c a r o t e n o i d  —  a s s o c i a t e d  
a b s o r b a n c e  c h a n g e s .  T he  e f f e c t  a s s o c i a t e d  w i t h  i n c r e a s e d  
a b s o r b a n c e  at 5 1 5 n m  is b e l i e v e d  to be d u e  to the r e s p o n s e  of 
c e r t a i n  p e r m a n e n t l y  p o l a r i z e d  c a r o t e n o i d s  to the f i e l d
c r e a t e d  by p h o t o - i n d u c e d  e l e c t r o n  t r a n s p o r t  a c r o s s  t h e
p h o t o s y n t h e t i c  m e m b r a n e  (Witt, 1971; see G o o d w i n ,  1980 fo r  
r e v i e w ) . T h e  e f f e c t  a s s o c i a t e d  w i t h  i n c r e a s e d  a b s o r b a n c e
a r o u n d  9 9 0 n m  is t h o u g h t  to be d u e  to the c r e a t i o n  of
iCai
c a r o t e n o i d  ^ c a t i o n s  t h a t  are e i t h e r  a p ar t  of the e l e c t r o n
20
t r a n s p o r t  c h a i n  b e t w e e n  P- 6 80  ( p h o t o s y s t e m  JLI) and the 
o x y g e n  e v o l v i n g  c o m p l e x ,  or are f o r m e d  at the e x p e n s e  of 
o x i d i z e d  c o m p o n e n t s  in this c h a i n  (Ma t h is  and S c h e n k ,  1982).
1: 2: 2 : 3  The X a n t h o o h v l l  ( V i o l a x a n t h i n )  C y c l e . It has b e e n  
s h o w n  t ha t d u e  to a c o n t i n u o u s l y  a c t i v e  e p o x i d a s e  and a 
l i g h t  s t i m u l a t e d  d e - e p o x i d a s e , z e a x a n t h i n  is e p o x i d i z e d  to 
a n t h e r a x a n t h i n  and v i o l a x a n t h i n  in the dark, w h i l s t  in the  
l i g h t  t h e s e  5 , 6 - e p o x i d e s  are c o n v e r t e d  b a c k to z e a x a n t h i n  
(S a p o z h n i k o v , 1973). T h e s e  two e n z y m e s  h a ve  b e en  p u r i f i e d
and the d i f f e r e n c e  in pH o p t i m a  s u g g e s t s  t h a t  the de- 
e p o x i d a s e  is s i t u a t e d  on the i n n e r  s u r f a c e  of the t h y l a k o i d  
m e m b r a n e  w h i l s t  th e e p o x i d a s e  is s i t u a t e d  on the o u t e r  
(Hager, 1975). Th e b i o l o g i c a l  s i g n i f i c a n c e  of this c y c l e  is 
not c l e a r l y  u n d e r s t o o d .
1:3 B I O S Y N T H E S I S  OF C A R O T E N E S
1:3:1 T H E B I O S Y N T H E S I S  OF S O L U B L E  C A R O T E N O I D  P R E C U R S O R S
1 : 3 : 1 : 1 B i o s y n t h e s i s  of A   ^ - I s o p e n t e n y l  P y r o p h o s p h a t e .
C a r o t e n o i d s  are m e m b e r s  of the c l a s s  of b i o l o g i c a l  c o m p o u n d s  
n a m e d  t e r p e n o i d s  (Ruz ic ka , 1953) t h a t  are d e r i v e d  f r o m  the 
p o l y m e r i z a t i o n  of 5 - c a r b o n  i s o p r e n y l  units. The
i n c o r p o r a t i o n  p a t t e r n  of r a d i o a c t i v e  p. - c a r o t e n e
b i o s y n t h e s i z e d  f r o m  C ^^C] a c e t a t e  sh ow s t h a t it is 
s y n t h e s i z e d  f r o m  tw o b l o c k s  of f o u r  i s o p r e n y l  un i t s  j o i n e d  
end to end (Grob and Butl er,  1956).
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E a r l y  s tu d ie s ,  u s i n g  a v a r i e t y  of p o s s i b l e  c a r o t e n ­
o g e n i c  p r e c u r s o r s ,  s h o w e d  th a t  a c e t a t e ,  HMG C oA  and M V A  w e r e  
a l l  c o n v e r t e d  i n t o  p - c a r o t e n e  (for r e v i e w  see B r i t t o n ,  1976 ).
Th e d i s c o v e r y  t ha t  a s o l u b l e  e n z y m e  s y s t e m  f r o m  
y e a s t  r e q u i r e d  ATP for the f o r m a t i o n  of s q u a l e n e  f r o m  M V A  
s u g g e s t e d  th a t  t e r p e n o i d  b i o s y n t h e s i s  r e q u i r e d
p h o s p h o r y l a t e d  i n t e r m e d i a t e s .  B l o c h  and c o - w o r k e r s  (1959)
d e m o n s t r a t e d ,  u s i n g  y e a s t  a u t o l y s a t e s ,  th a t  M V A  w a s
p h o s p h o r y l a t e d  i n t o  M V A P  and a g a i n  i n t o  M VAP P,  the  l a t t e r
b e i n g  c o n v e r t e d  i n t o  IPP w i t h  th e loss  of C-1 (of MVA) as C O 2
R a d i o a c t i v i t y  f r o m  th e 5 - c a r b o n  c o m p o u n d  IPP in 
th e a b s e n c e  of ATP  w a s  s h o w n  to be i n c o r p o r a t e d  i n t o  
s q u a l e n e  by y e a s t  a u t o l y s a t e s  (B l oc h ^  > 1959) and
i n t o  l y c o p e n e  by t o m a t o  f r u i t  h o m o g e n a t e s  (Varma and
C h i c h e s t e r ,  1962). T hu s  it w a s  s h o w n  t h a t  IPP w as  the 5-
c a r b o n  i s o p r e n y l  ‘b u i l d i n g  block' p r e d i c t e d  f r o m  a c e t a t e  
l a b e l l i n g  e x p e r i m e n t s ,  ( W u e r s c h  e t , a_l. , 1 952 ).
T he b i o s y n t h e s i s  of IPP f r o m  a c e t a t e  is o u t l i n e d
in fig. 1:3:1.
1 : 3 : 1 : 2  F o r m a t i o n  of P o l v i s o o r e n v l  P y r o p h o s p h a t e s  
P o l y i s o p r e n y l  p y r o p h o s p h a t e s  a re g e n e r a t e d  by the p r e n y l -
t r a n s f e r a s e s  (p r e n y l p y r o p h o s p h a te s y n t h e t a s e s ,  E.C.
2 . 5 . 1 . 1 . )  t h a t  c a t a l y s e  th e s e q u e n t i a l  c o n d e n s a t i o n  of a
n u m b e r  of IPP m o l e c u l e s  o n t o  th e a l l y l  p y r o p h o s p h a t e  end
CH
[ - C ( CH^ ) =jfcH^  0££] of a D M A P P  'anchor' m o l e c u l e .  The D M A P P  
a n c h o r  is i t s e l f  an i s o m e r i z a t i o n  p r o d u c t  of IPP and e a c h  
c o n d e n s a t i o n  r e a c t i o n  r e s u l t s  in the f o r m a t i o n  of a n e w
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FIG. 1:3:1 BIOSYNTHESIS OF TPP FROM ACETATE
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a l l y l  p y r o p h o s p h a t e  end g r o u p  t h a t  a l l o w s  the r e p e t i t i v e
a d d i t i o n  of IPP ( A g r a n o f f  e_t a_l. , 1959, 1960 ). T h e s e
r e a c t i o n s  ar e o u t l i n e d  in Fig. 1:3:2
S t e r o l s  ar e an i m p o r t a n t  and w i d e s p r e a d  c l a s s  of
t e r p e n o i d ,  s y n t h e s i z e d  via the d i m e r i z a t i o n  of FPP i n t o  
s q u a l e n e  (L y n en  ejt a%. , 1 958 ). Th u s  p r e n y l t r a n s f e r a s e s
s p e c i f i c  fo r  FPP s y n t h e s i s  (FPP s y n t h e t a s e s )  are c o mm o n .  
F P P - s y n t h e t a s e s  h a v e  be en  p u r i f i e d  f r o m  c h i c k e n  l i v e r  (Reed 
and R i ll i n g ,  1975) and y e a s t  ( E b e r h a r d t  and Ri l l i n g ,  1975) 
and w e r e  b o t h  f o u n d  to c o - p u r i f y  w i t h  d i m e t h y l a l l y l
t r a n s f e r a s e  a c t i v i t y ,  s u g g e s t i n g  t h a t  in t h e s e  o r g a n i s m s  
b o t h  GPP and FPP w e r e  s y n t h e s i z e d  by the sa me e n z ym e .
H o w e v e r ,  w i t h  th e FPP s y n t h e t a s e  p u r i f i e d  f r o m  p u m p k i n
fr uit , it w a s  s h o w n  t h a t  GPP  p r e f e r e n t i a l l y  p r o t e c t e d  the 
g e r a n y l t r a n s f e r a s e  a c t i v i t y  f r o m  h e a t  d é n a t u r a t i o n  w h i l s t  
OM AP  i n h i b i t e d  o n l y  th e dimethylallyl t r a n s f e r a s e  f u n c t i o n s  
( Ogu ra  ejt aj.. , 1 969 ) . T h e  s am e  g r o u p  s h o w e d  t ha t  an IPP
a n a l o g u e  (4- m e t h y l - p e n t - 4 - e n y l  p y r o p h o s p h a t e )  c ou l d  act as 
c o - s u b s t r a t e  o n l y  w i t h  GPP ( Ogu ra e ^  â X -  • 1 974 ). The
p u m p k i n  F P P - s y n t h e t a s e  has s i n c e  b e e n  s h o w n  to c o n s i s t  of 
t w o  s u b - u n i t s  (Reed and R i l l i n g ,  1975) and so it is p o s s i b l e  
t h a t  the a b o v e  t wo  a c t i v i t i e s  a r e  l o c a t e d  on d i f f e r e n t
p r o t e i n s  in t he  sa me c o m p l e x .
T he  i n c o r p o r a t i o n  p a t t e r n  p r o d u c e d  by [ 1 4 c ] a c e t a t e  
is s i m i l a r  in ]3»-carotene and s q u a l e n e  and so it w a s  
s u g g e s t e d  t ha t  c a r o t e n e s  w e r e  f o r m e d  by an a n a l o g o u s  
d i m e r i z a t i o n  of G GP P  (Grob, 1959). The i n c o r p o r a t i o n  of 
r a d i o a c t i v e  FPP i n t o  B - c a r o t e n e  by a c a r o t e n o g e n i c
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PIG. 1:3:2 ISOPRENOID PYROPHOSPHATE SYNTHESIS
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h o m o g e n a t e  of P . b l a k e s l e e a n u s  w as  n e g l i g i b l e ,  e x c e p t  in the 
p r e s e n c e  of MV A or IPP ( Y o k o y a m a  e_t aJL. , 1 962 ).
P r e n y l t r a n s f e r a s e s  p u r i f i e d  f r o m  c h i c k e n  l i v e r  and y e a s t  
w e r e  fo u n d  to p r o d u c e  GGP P o n l y  w h e n  i n c u b a t e d  w i t h  h igh  
c o n c e n t r a t i o n s  of IPP w i t h  FPP ( E b e r h a r d t  and R i l l i n g ,
1975), s u g g e s t i n g  t h a t  c a r o t e n o g e n i c  o r g a n i s m s  m a y  p o s s e s s  
o t h e r  p r e n y l  t r a n s f e r a s e s .
T he  i n c o r p o r a t i o n  r a t e  of [ ^"^C]IPP i n t o  
p o l y i s o p r e n y l  p y r o p h o s p h a t e s  w a s  c o m p a r e d  b e t w e e n  
s u p e r n a t a n t  f r a c t i o n s  of a M y c o b a c t e r i u m  sp. b e f o r e  and 
a f t e r  p h o t o - i n d u c t i o n  of c a r o t e n o g e n e s i s  ( J o h n s o n  e^  a l .■ 
1974). I l l u m i n a t i o n  d o u b l e d  the i n c o r p o r a t i o n  r at e  of
r a d i o a c t i v i t y  f r o m  [ ^^C]IPP w h e n  FPP or GPP w e r e  used  as 
c o - s u b s t r a t e s ,  but had no e f f e c t  w h e n  e i t h e r  G G P P or DM APP 
w e r e  used. It w a s  c o n c l u d e d  t ha t  p h o t o i n d u c t i o n  of
c a r o t e n o g e n e s i s  c a u s e d  the s y n t h e s i s  of a G G P P s y n t h e t a s e  
s p e c i f i c  for c a r o t e n e  b i o s y n t h e s i s .
The p r e n y l t r a n s f e r a s e s  f r o m  the c a r o t e n o g e n i c  
b a c t e r i u m  M i c r o c o c c u s  l u t e u s  w e r e  f o u n d  to h a v e  a g r e a t e r  
a f f i n i t y  for FPP t ha n  for GPP or DMAP P,  s u g g e s t i n g  that GGPP  
is the p r e f e r r e d  p r o d u c t  ( K a n d u t s c h  ejt ^ .  , 1 964 ).
1:3:2 P H Y T O E N E  B I O S Y N T H E S I S
1 : 3 ; 2 : 1_______ B i o s y n t h e t i c  P a t h w a y  S i n c e  C ^ ^ C ] a c e t a t e
p r o d u c e d  a s i m i l a r  i n c o r p o r a t i o n  p a t t e r n  in b oth  - c a r o t e n e  
and s q u a l e n e ,  it w a s  a r g u e d  (Grob, 1959) t hat  b o t h  w e r e  
s y n t h e s i z e d  t h r o u g h  d i m e r i z a t i o n  of the a p p r o p r i a t e  
p o l y p r e n y l  p y r o p h o s p h a t e .  T h r o u g h  a n a l o g y  w i t h  t e r p e n e  and
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s t e r o i d  s y n t h e s i s ,  L y n e n  and H a r d i n g  (1960) p r e d i c t e d  t ha t
p h y t o e n e  w a s  s y n t h e s i z e d  f r o m  IPP t h r o u g h  6P P ( C ^  ^  )jFP P ( C ^  ^  )
a nd G G P P ( C 2 q) a s i n t e r m e d i a t e s  (Fig. 1:3:2). It has be en
s h o w n  t h a t  r a d i o a c t i v i t y  f r o m  [ ^ ^ C ] G G P P ,  s y n t h e s i z e d  by an
14
E c h i n o c v s t i s  p r e p a r a t i o n  f r o m  [2- C 3 M V A  (Oste r and West, 
1968), w a s  i n c o r p o r a t e d  i n t o  p h y t o e n e  by s e v e r a l  c e l l - f r e e  
s y s t e m s  i n c l u d i n g  t h a t  f r o m  P . b l a k e s l e e a n u s  (Lee and 
C h i c h e s t e r ,  1969).
By f u r t h e r  a n a l o g y  w i t h  s q u a l e n e  b i o s y n t h e s i s ,  
G G P P  s h o u l d  d i m e r i s e  to f o r m  a c y c l o p r o p y l c a r b i n y l  
i n t e r m e d i a t e ,  P PPP  (PLPP) w h i c h  is t h en  r e d u c e d  by N A D P H  
i n t o  l y c o p e r s e n e ,  th e a n a l o g o u s  C e q u i v a l e n t  of s q u a l e n e .  
A l t m a n  ejt aj_. , ( 1 972 ) s y n t h e s i z e d  PPPP (PLPP) and s h o w ed
t h a t  it c o u l d  be p r o d u c e d  f r o m  [ ^ H I G G P P  by a c e l l — free  
e x t r a c t  f r o m  a M y c o b a c t e r i u m  sp. g r o w n  in the light. 
F u r t h e r m o r e ,  th e [ ^ H ] P P P P  thus s y n t h e s i z e d  co u l d  be
c o n v e r t e d  by the sa m e  s y s t e m  i n t o  H ]p h y t o e n e . A s i m i l a r  
e x p e r i m e n t ,  u s i n g  an e x t r a c t  f r o m  a p h y t o e n e  a c c u m u l a t i n g
m u t a n t  ( a l b i n o  10) of P. b l a k e s l e e a n u s  (Lee e_t _al. , 1 972 )
r e v e a l e d  t h a t  i n c u b a t i o n  w i t h  [ ^ ^ C ] G G P P  g a v e  r i s e  to a
r a d i o a c t i v e  e n z y m e  —  b o u n d  i n t e r m e d i a t e ,  t h a t  c o ul d  be 
i s o l a t e d  and r e - i n c u b a t e d  to y i eld C p h y t o e n e j
p r e s u m a b l y  the b o u n d  i n t e r m e d i a t e  w a s  PPPP. R a d i o a c t i v e  
[ ^ ^ C l P P P P  w a s  a ls o  see n to a c c u m u l a t e  w h e n  p u r i f i e d  y e a s t  
s q u a l e n e  s y n t h e t a s e  or a s y s t e m  f r o m  an a c e t o n e  p o w d e r  of 
t o m a t o  fr u i t  p l a s t i d s  w e r e  i n c u b a t e d  w i t h  [ ^4^]G G P P  in the 
a b s e n c e  of N A D P H  ( Q u r e s h i  ejb a%. , 1 972. 1973; B a r n e s  ejt al..
1973): in t h e  p r e s e n c e  of NADPH , C l y c o p e r s e n e  w a s
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d e t e c t e d .  It wa s  f o u n d  t ha t  b o t h  [^'^C3PPPP and [ ^ ^ C 3 1 y c o -
p e r s e n e  w e r e  c o n v e r t e d  in t o C 3p h y t o e n e  or, in the
p r e s e n c e  of F A a n d  NA D Ft  i n t o  [ C 3l y c o p e n e  by th e t o m a t o
f r u i t  p l a s t i d  s y s te m .  R a d i o a c t i v e  l y c o p e r s e n e  a l s o
a c c u m u l a t e d  w h e n  a p a r t i c u l a t e  f r a c t i o n  of N e u r o s o o r a  e r a s s a
m y c e l l a  w a s  i n c u b a t e d  w i t h  C 1 - ^ ^ C 3 G G P P  in the p r e s e n c e  of 
N A D P H  (G ro b ejt a_l. , 1961). Th e s am e l a b o r a t o r y  a l s o
r e p o r t e d  t h a t  l y c o p e r s e n e  a c c u m u l a t e d  in c u l t u r e s  of N .
c r a s s a  w h e n  g r o w n  in the p r e s e n c e  of d i p h e n y l a m i n e  (Grob  and 
B o s c h e t t i ,  1962).
W h i l s t  P PP P  has b e e n  a c c e p t e d  as a bona f id e
i n t e r m e d i a t e  in c a r o t e n o g e n e s i s ,  l y c o p e r s e n e  has not. 
L y c o p e r s e n e  w a s  f i r s t  p r o p o s e d  as an o b l i g a t o r y  i n t e r m e d i a t e  
by G r o b  .e^ , (1961) but by 1 970 this s u g g e s t i o n  wa s
" l a r g e l y  d i s c o u n t e d "  ( B ri t t on , 1971) s i n c e  t h e r e  w e r e
r e p o r t s  of s e v e r a l  e n z y m e  s y s t e m s  i n c o r p o r a t i n g  
r a d i o a c t i v i t y  i n t o  p h y t o e n e  and o t h e r  c a r o t e n o i d s ,  but no ne  
of i n c o r p o r a t i o n  i n t o  l y c o p e r s e n e .  Also, p h y t o e n e -
a c c u m u l a t i n g  m u t a n t s  of C h l o r e l l a  v u l g a r i s  (Claes, 1954),
C h l o r e l l a  p v r e n o i d o s a  ( K e s s l e r  and Cz y g a n ,  1 966 ), c r a s s a
(Haxo, 1956), R p s . s p h a e r o i d e s  ( G r i f f i t h s  and S t a n n i e r ,  
1956) and P . b l a k e s l e e a n u s  ( M e i s s n e r  and D e l b r u c k ,  1968) had
g
b e e n  d e s c r i b e d ,  but n o n ^ a c c u m u l a t i n g  l y c o p e r s e n e .  A l t m a n  e_t 
al.. (1971) p r o p o s e d  th a t the c e n t r a l  c o n j u g a t e d  t r i e n e  of 
p h y t o e n e  c o u l d  be f o r m e d  d i r e c t l y  f r o m  th e  
c y c l o p r o p y l c a r b i n y l  m o i e t y  of PPPP, i m p l y i n g  t h a t
l y c o p e r s e n e  n ee d  not be f o r me d .  H o w e v e r ,  th e  d e b a t e  o v e r
w h e t h e r  or not l y c o p e r s e n e  is i n v o l v e d  in c a r o t e n e  
b i o s y n t h e s i s  w a s  r e s u m e d  f o l l o w i n g  the w o r k  of Q u r e s h i  et
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al.. ( 1972, 1 973 ) and B a r n e s  ejt jlI. , (1 973, see a b ov e ).
G r e g o n i s  and R i l l i n g  (1974) u s i n g  e n z y m e  s y s t e m s  f r o m  a
p h y t o e n e  a c c u m u l a t i n g  m u t a n t  of P .b l a k e s l e e a n u s  and f r o m  a 
M v c o b a c t e r i u m  sp. p r e p a r e d  r a d i o a c t i v e  p h y t o e n e  i n  v i t r o  
f r o m  [4-^^C, 1 - ^ H 2 ] G G P P .  Both the r a d i o a c t i v e  1 5 - cis
p h y t o e n e  ( f r o m  the P h v c o m v c e s  s ys t em ) and the r a d i o a c t i v e  
a l l - t r a n s  p h y t o e n e  ( m o s t l y  f r o m  th e M y c o b a c t e r i u m  sp.
p r e p a r a t i o n )  r e t a i n e d  two of the f our  o r i g i n a l  t r i t i u m
a t o m s  a r o u n d  the c e n t r a l  (1 5-15') c a r b o n  bond. T h e s e
r e s u l t s ,  and o t h e r  l a b e l l i n g  s tu d ie s ,  s u p p o r t  the a s s e r t i o n  
t h a t  p h y t o e n e  is f o r m e d  d i r e c t l y  f r o m  PPPP (A l t m a n  et. al.. 
1971; (see Fig . 1 ; 3 : 3 ) ) .
It has b e e n  s u g g e s t e d  t h at  the f o r m a t i o n  of r a d i o ­
a c t i v e  l y c o p e r s e n e  f r o m  [ 1 4 c ] G G P P  is a r e s u l t  of l a ck  of 
a b s o l u t e  s u b s t r a t e  s p e c i f i c i t y  by s q u a l e n e  s y n t h e t a s e  
( Da v ie s  and Ta yl o r , 1976). The p h y t o e n e  s y n t h e t a s e  f r o m  
t o m a t o  f r u i t  p l a s t i d s  has n o w  b e e n  e x t e n s i v e l y  p u r i f i e d  
( P o r t e r  e_t a_l. , 1 980 ) and a p p e a r s  to be a m u l t i e n z y m e
c o m p l e x  of 2 0 0 , 0 0 0  d a l t o n s ,  c o n t a i n i n g  at l e a s t  t h r e e  
s e p a r a b l e  p e p t i d e s :  no l y c o p e r s e n e  s y n t h e s i z i n g  c a p a b i l i t y
for th is  e n z y m e  c o m p l e x  has be e n  r e p o r t e d .
1 : 3 : 2 : 2 S t e r e o c h e m i c a l  A s p e c t s  of P h v t o e n e  S y n t h e s i s . By
i n c u b a t i n g  a l i v e r  e n z y m e  s y s t e m  w i t h  e i t h e r  C2 - I 4 c . (4 £ ) -4-
^ H ^ ] M V A  or [2-^^C, (4^)- 4 - ^ j ]M V A , P o p j a k  and C o r n f o r t h
( 1 966 ) w e r e  a b l e to s h o w  th a t t he p r o - 4 S h y d r o g e n  a t o m
of M V A  w a s  s t e r e o s p e c i f i c a l l y  e l i m i n a t e d  by t h e  I P P : D M A P P
i s o m e r a s e  and the D M A P P  and GPP t r a n s f e r a s e s .  W h e n  th e
14 3
e n z y m e  s y s t e m  w as i n c u b a t e d  w i t h  [2- C , ( 4 ^ ) - 4 -  H ^ ] M V A ,  o n l y
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r a d i o a c t i v i t y  f r o m  w a s  f o u n d  in FPP and s q u a l e n e ,  yet
w h e n  i n c u b a t e d  w i t h  t he  ( 4 £ ) - 4 - ^ H  s u b s t r a t e  the  ^ H r a t i o
f o u n d  in FPP and s q u a l e n e  w a s t h at  of th e s u b s t r a t e .  
S t e r e o s p e c i f i c  e l i m i n a t i o n  of the p r o - 4 S h y d r o g e n  of M V A  
s u g g e s t s  th e f o r m a t i o n  of a l l - t ra n s  p o l y p r e n y l  p y r o p h o s p h a t e s .  
G o o d w i n  and W i l l i a m s  (1966) s h o w e d  w i t h  s i m i l a r  s u b s t r a t e s  
th a t  p h y t o e n e  b i o s y n t h e s i s  (in P_^ b l a k e s l e e a n u s  and t o m a t o  
s l i c e s )  a l s o  r e s u l t s  in loss of the 4S.-tritium label,
th us  i m p l y i n g  th at  c a r o t e n e s  too are s y n t h e s i z e d  f r o m  all- 
t r a n s  p o l y p r e n y l  p y r o p h o s p h a t e s .  The r a d i o a c t i v e  GG PP  
i s o l a t e d  f r o m  E c h i n o c v s t i s  m a c r o c a r p a  seed e n d o s p e r m  (Oster  
and West, 1 968 ) w a s  i d e n t i f i e d  as b e i n g  a l l - 1 r a n s  and was  
i n c o r p o r a t e d  i nt o  c a r o t e n o i d s  by a n u m b e r  of s y st e m s .
Tw o p h y t o e n e  i s o m e r s  are f o u n d  to a c c u m u l a t e  in
n a t u r e .  In algae , fungi, p h o t o s y n t h e t i c  b a c t e r i a  and h i g h e r
p la n t s ,  t he  1 5 - cls i s o m e r  p r e d o m i n a t e s ,  w h e r e a s  a l l - 1r ans
p h y t o e n e  is f o u n d  in m a n y  n o n - p h o t o s y n t h e t i c  b a c t e r i a .  The
p h y t o e n e  15,15' c a r b o n  a t o m s  are d e r i v e d  f r o m  C-5 of MVA,
t h u s  by u s i n g  [ 2 - ,  (5 £ ) - 5 - 3h ]MVA and [ 2 - 1 4 c , 5 - 3 H  ]MVA it
1 2
w a s  s h o w n  t h at  bo t h  h y d r o g e n  a t o m s  of th e c e n t r a l  15,15' 
c a r b o n  bo n d  in 1 5 - cis p h y t o e n e  are d e r i v e d  f r o m  the p r o - 5 £
h y d r o g e n  of M V A  in t o m a t o  s l i c e s  ( W i l l i a m s  .et. .al. , 1 9 6 7 A ) and
0
b e a n  chlorjplasts (B ug g y  e_t aj^. , 1 969 ). G r e g o n i s  and R i l l i n g
( 1 974 ) u se d C 4 - , ( 1.£) - 1 - G GP P  to s h o w  t h a t  r a d i o a c t i v e
1 5 - cis p h y t o e n e ,  i s o l a t e d  a f t e r  i n c u b a t i o n  w i t h  a 
P . b l a k e s l e e a n u s  e x t r a c t ,  c o n t a i n e d  no t r i t i u m ,  w h i l s t  " 
r a d i o a c t i v e  a l l - t r a n s  p h y t o e n e  i s o l a t e d  a f t e r  i n c u b a t i o n  
w i t h  a M v c o b a c t e r i u m  sp. p r e p a r a t i o n  c o n t a i n e d  one  t r i t u m
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l a b e l  a r o u n d  the  c e n t r a l  bond. T h e s e  e x p e r i m e n t s  l e a d  to 
t he  c o n c l u s i o n  t h a t  b ot h p h y t o e n e  i s o m e r s  are d e r i v e d  
d i r e c t l y  f r o m  PP P P (as s u g g e s t e d  by A l t m a n  e_t a_l. , 1971) and
t h a t  th e h y d r o g e n  l o s t  in the f o r m a t i o n  of P PP P w a s  p r o - 5 S 
(of MVA) as it is in PSPP s y n t h e s i s  ( P o p j a k  and C o r n f o r t h ,  
1966; see Fig. 1:3:3).
1: 3:3 P H Y T O E N E  D E S A T U R A T I O N
1 : 3 : 3 : 1 B i o s v n t h e t i c  P a t h w a v . The s t r u c t u r a l  d e t e r m i n a t i o n
of v a r i o u s  d e s a t u r a t e d  i n t e r m e d i a t e s  (Davis e.t a%. , 1 966 )
s u g g e s t e d  t ha t  p h y t o e n e  is d e s a t u r a t e d  by a s e r i e s  of 
d i d e h y d r o g e n a t i o n s  on a l t e r n a t e  s ide s of an e x p a n d i n g  
p o l y e n e  c h r o m a t o p h o r e  (Fig. 1:3:4) to f o r m  t h o s e  c a r o t e n o i d s  
p r o p o s e d  by P o r t e r  and L i n c o l n  (1950) to be i n t e r m e d i a t e s  in 
t he  b i o s y n t h e s i s  of l y c o p e n e .  T h is  s e q u e n c e  has s i n c e  be en  
e n l a r g e d  to i n c l u d e  the a s y m m e t r i c a l  c o n j u g a t e d  h e p t a e n e  
( 7 , 8 , 1 1 , 1 2 - t e t r a h y d r o l y c o p e n e )  fo u n d  in R p s . r u b r u m  ( D a v i e s , 
1973), 3 , 4 - d i d e h y d r o  - V .V  ~ c a r o t e n e  f o u n d  in some
f u n g i  (L i a a e n - J e n s e n , 1 965 ) and 3 , 4 , 3  * 4 *-1 e t r a d e h y d r o  - V*
1^- c a r o t e n e  fo u n d  in V a l e n c i a  o r a n g e s  ( W i n t e r s t e i n  e_t al.. 
1960).
T he d e s a t u r a t i o n  st e ps  f r o m  p h y t o e n e  to l y c o p e n e  
h a v e  b e en  d e m o n s t r a t e d  w i t h  v a r i o u s  c e l l - f r e e  s ys t e m s .  
K u s h w a h a  et a 1 . (1970) s h o w e d  t h a t  e n z y m e  s y s t e m s  f r o m
v a r i o u s  g e n e t i c  s e l e c t i o n s  of t o m a t o  f ru i t  i n c o r p o r a t e
r a d i o a c t i v i t y  f r o m  C^^C] p h y t o e n e  i n t o  p h y t o f l u e n e  
5  - c a r o t e n e ,  n e u r o s p o r e n e  and l y c o p e n e .  R a d i o a c t i v i t y  f r o m  
C ]p h y t o e n e  w a s  a l s o  i n c o r p o r a t e d  i n t o  p h y t o f l u e n e  and
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Phytofluene
^  -Carotene
Neurosporene
Lycopene
3,4 -di de hydro- 
-carotene
3,4,3*,4 *-tetradehydro" 
-carotene
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l y c o p e n e  by an e n z y m e  s y s t e m  f r o m  s p i n a c h  ( S u b b a r a y a n  e^ t, al..
1970). U s i n g  an e n z y m e  s y s t e m  f r o m  a red t o m a t o  fr u i t
p l a s t i d  a c e t o n e  p o wd e r , Q u r e s h i  e_t aj,. , ( 1 974a)
d e m o n s t r a t e d  t h e  i n c o r p o r a t i o n  of r a d i o a c t i v i t y  f r o m  [^^C]
p h y t o f l u e n e  i n t o l ^ - c a r o t e n e  and f r o m  C ^ - c a r o t e n e  i n t o
n e u r o s p o r e n e ,  l y c o p e n e  and c y c l i c  c a r o t e n e s .  The l a s t  s te p
of th e n o r m a l  d e s a t u r a t i o n  p a t h w a y ,  n e u r o s p o r e n e  i n t o
14
l y c o p e n e ,  has b e e n  d e m o n s t r a t e d  u s i n g  C C] n e u r o s p o r e n e
w i t h  c e l l  f r e e  p r e p a r a t i o n s  f r o m  H a l o b a c t e r i u m  c u t i r u b r u m
( K u s h w a h a  .ejt a%. , 1 976 ) and f r o m  P_^ b l a k e s l e e a n u s  ( B r a m l e y
ejt .aj^ . , 1 977 ). It has b e en  s h o w n  t h a t  r a d i o a c t i v i t y  is
i n c o r p o r a t e d  i n t o  m o r e  d e s a t u r a t e d  c a r o t e n o i d s  w h e n  e ac h  of
C ^ ^ C ] p h y t o e n e ,  C ^ ^ C ] p h y t o f l u e n e ,  - c a r o t e n e  and
14 ,
L C ] n e u r o s p o r e n e  w a s  i n c u b a t e d  w i t h  the e n z y m e  s y s t e m
f r o m  H . c u t i r u b r u m  ( K u s h w a h a  _et a_l. , 1 978 ) .
1 : 3 : 3 ; 2 G e o m e t r i c  I s o m e r s  In h i g h e r  pl an ts , f u n g i  and
m o s t  b a c t e r i a ,  PP PP  is t r a n s f o r m e d  i nt o  1 5 - cis p h y t o e n e .  
As th e m o r e  d e s a t u r a t e d  c a r o t e n o i d s  are a l l - t r a n s . 
i s o m e r i z a t i o n  of th e o r i g i n a l  15 - cis s t r u c t u r e  d u r i n g  the 
e a r l y  s t a g e s  of d e s a t u r a t i o n  m u s t  t a k e  place.
A l t h o u g h  1 5 - cis is the  p r e d o m i n a n t  i s o m e r  to 
a c c u m u l a t e  in m a n y  m i c r o - o r g a n i s m s  w h e r e  d e s a t u r a t i o n  has 
b e e n  i m p a i r e d ,  it a p p e a r s  t h a t  it is the a l l - t r a n s  i s o m e r  
t h a t  is d e s a t u r a t e d .  'Na tural* p h y t o e n e  ( c o n t a i n i n g  2% 
a l l - t r a n s  i s o m e r )  is m u c h  b e t t e r  t ha n p u r e  1 5 - cis 
p h y t o e n e  at d i l u t i n g  o ut  r a d i o - a c t i v i t y  b e i n g
i n c o r p o r a t e d  f r o m  C 2 - ^ ^ C ] M V A  i n t o  B - c a r o t e n e  by a c e l l  f re e  
p r e p a r a t i o n  f r o m  P .b l a k e s l e e a n u s  ( Br am l ey ,  1973).
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F u r t h e r m o r e ,  th e c o n v e r s i o n  of 1 5 - cis [ ^  C ] p h y t o e n e  i n t o  
a l l - t r a n s  p h y t o e n e  and C ^ 4 c ]p h y t o f l u e n e  has b ee n  d e m o n s t r a t e d  
u s i n g  a c e l l - f r e e  p r e p a r a t i o n  f r o m  F l a v o b a c t e r i u m  R1 5 6 0  
( B r o w n  .et. a_l. , 1  975 ).
T h e  c a r o t e n o g e n i c  p a t h w a y  in t o m a t o  f r u i t s  w a s  
s t u d i e d  by P o r t e r  and c o - w o r k e r s  u s i n g  a v a r i e t y  of r a d i o ­
a c t i v e  c a r o t e n o i d  s u b s t r a t e s  i n c u b a t e d  w i t h  e n z y m e  
p r e p a r a t i o n s  f r o m  d i f f e r e n t  g e n e t i c  s e l e c t i o n s  of t o m a t o  
f r u i t  (see P o r t e r  and S p u r g e o n ,  1979, for r e v i e w ) .  F r o m  
t h e s e  e x p e r i m e n t s  it w a s  c o n c l u d e d  t h a t  a l l - t r a n s  c a r o t e n -  
- o i d s  w e r e  s y n t h e s i z e d  f r o m  15 - cis p h y t o e n e  via 1 5 - cis 
p h y t o f l u e n e  th a t w a s  i s o m e r i s e d  i n t o  a l l - tr ans  p h y t o f l u e n e .
F u r t h e r m o r e  the o o l v - cis c a r o t e n o i d s  p r o n e u r o s p o r e n e  and
p r o l y c o p e n e ,  p r e d o m i n a n t  in t a n g e r i n e  t o m a t o  fruit , w e r e  
c o n c l u d e d  to be s y n t h e s i z e d  f r o m  1 5 - cis p h y t o e n e  via all- 
t r a n s  ^  - c a r o t e n e  i s o m e r i z e d  to c i s - - c a r o t e n e ;  the 
p o s s i b i l i t y  of d i r e c t  c o n v e r s i o n  of c i s - o h v t o f l u e n e  i n to
c i s - V - c a r o t e n e  w a s  not e l i m i n a t e d .  The c a r o t e n o g e n i c  
p a t h w a y  in t o m a t o  fruit, as p r o p o s e d  by P o r t e r  and c o ­
w o r k e r s ,  is s u m m a r i s e d  in Fig. 1:3:5a.. H o w e v e r ,  s i n c e  the
s t r u c t u r e s  of cis c a r o t e n e s  in t a n g e r i n e  t o m a t o  f r u i t  w e r e  
d e t e r m i n e d  to be 9* .1 5 - d i - cis p h y t o f l u e n e ,  9 . 9 ‘- d i - cis
- c a r o t e n e  , 9.7" . 9 ' - t r i - cis n e u r o s p o r e n e  and 7 , 9 , 7 * , 9 ' - t e t r a
cis l y c o p e n e  ( E n g l e r t  .ejt .aj.. , 1 979 ; C l o u g h  and Pa t t e n d e n  ,
1979), the v a l i d i t y  of t his  s c h e m e  is u n c l e a r .  S y n t h e s i s  of 
p r o l y c o p e n e  is t h o u g h t  to be d u e  to a s i n g l e  m u t a t i o n
( P o r t e r  .et. aj_. , 1 980 ) and it has b e e n s u g g e s t e d  t h a t  t his
c a u s e s  the t r a n s -C g, b o n d s  to i s o m e r i z e  f o l l o w i n g  n o r m a l
d e s a t u r a t i o n  of C , w h i l s t  the c i s - -  b on d s  are t h o u g h t
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FIG. 1 ; 3 ; 5 A  S C H E M E  FOR THE B I O S Y N T H E S I S  OF
C I S - C A R O T E N E S  A F T E R  P O R T E R  A N D  C O - W O R K E R S  
( P o r t e r  and S p u r g e o n ,  1979)
1 5 - cis P h y t o e n e
1 5 - cis P h y t o f l u e n e  ■ ■ ■ ) t r a n s - P h y t o f l u e n e
c i s - C a r o t e n e  ( ■ —  t r a n s - ^ - C a r o t e n
P r o n e u r o s p o r e n e N e u r o s p o r e n e
P r o l y c o p e n e L y c o p e n e
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FIG. 1;3:5B SCHEME FOR BIOSYNTHESIS OP Cls-CAROTENES
AFTER ENGLERT ET AL. (1979) AND 
CLOUGH AND PATTENDQN (iq7Q)
15-cls Phytoene
9 \ 15-dl-cls Phytoene
9.9*-dl-cis "5 -Carotene
7,9,9*-trl-cls Neurosporene
7.9.7.9*-tetra-cis-Lycopene
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to be f o r c e d  by th e c i s -C g . b o n d such t ha t  a s t r a i g h t  
m o l e c u l e  is m a i n t a i n e d  (Fig. 1:3:5 ^;  G o o d w i n ,  1983). 
P r e s u m a b l y  the cis bo n d is i s o m e r i z e d  as s u g g e s t e d  by P o r t e r  
a nd c o - w o r k e r s .  In S c e n e d e s m u s  o b l i a u u s  (PG1 M u t a n t )  15- 
cis = t r a n s  i s o m e r i z a t i o n  o c c u r s  at - c a r o t e n e  (Powls and 
B r i t t o n ,  1977).
1 : 3 : 3 : 3 S t e r e o c h e m i s t r y  of D e s a t u r a t i o n . D e s a t u r a t i o n
pOGit' IOG5
o c c u r s  a r o u n d  c a r b o n  a t o m s  o r i g i n a t i n g  f r o m  2 and 5 of MVA.
W h e n  t o m a t o  s l i c e s  w e r e  i n c u b a t e d  w i t h  C 2- ^ , ( 5^) - 5 H -) ] MV A
an d [ 2-^ ^  C , 5 - ^ H 2  ] M V A  ( W i l l i a m s  e_t a_l. , 1 9 6 7 A )  it w a s  sh o w n
t h a t  d e s a t u r a t i o n  c a u s e d  the e l i m i n a t i o n  of p r o - 5 2  h y d r o g e n
14 3
m o l e c u l e s .  A s i m i l a r  e x p e r i m e n t  w i t h  [2- C , ( 2 R )-2- H i ]M V A  
an d [ 2 - , ( 2 S. ) ” 2 -^H  ^  ] M V A  w a s  n o n - c o n c l u s i v e .  It wa s
s u g g e s t e d  t h a t  t he p r e n y l  t r a n s f e r a s e s  c a u s e d  r a n d o m i z a t i o n
pro pro
of l a b e l  b e t w e e n  thejf^2S. and|^22 p o s i t i o n s  (Goad, 1 970 ). 
T his  e f f e c t  w a s  o v e r c o m e  by s y n t h e s i z i n g  s t e r e o s p e c i f i c a l l y  
l a b e l l e d  G G P P  u s i n g  th e E c h i n o c v s t i s  m a c r o c a r p a  s y s t e m  f r o m  
2S. and 22  - t r i t i a  ted [2-  ^ ] M V A  s u b s t r a t e s  (West e_t a l .
1 969 ). T h e  r e s u l t a n t  [  ^ ^ H ] G G P P  w h e n  i n c u b a t e d  w i t h
t o m a t o  s l i c e s  s h o w e d  t h a t  the o r o - 2 S h y d r o g e n  a t o m s  of
m e v a l o n i c  a c i d  w e r e  e l i m i n a t e d  d u r i n g  d e s a t u r a t i o n  (Vose e_t 
al. ) .
The  e l i m i n a t i o n  of the o r o - 5 R and p r o -2S h y d r o g e n
m o l e c u l e s  of m e v a l o n i c  a ci d  t h r o u g h  d e s a t u r a t i o n  has be en
a l s o  d e m o n s t r a t e d  w i t h  an e n z y m e  s y s t e m  f r o m  a
F l a v o b a c t e r i u m  s p e c i e s  ( M c D e r m o t t  ejt .a^. , 1 973 ).
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1:3:4 BIOSYNTHESIS OF CYCLIC CAROTENOIDS
As a r e s u l t  of g e n e t i c  s t u d i e s  with» p - c a r o t e n e
and l y c o p e n e  a c c u m u l a t i n g  s t r a i n s  of t o m a t o ,  it w a s
c o n c l u d e d  t h a t  B - c a r o t e n e  w a s  ( p r o b a b l y )  a c y c l i s a t i o n
p r o d u c t  of l y c o p e n e  ( Po r t e r  and L i n c o l n ,  1950). It w a s
o b s e r v e d  t h a t  l y c o p e n e  w as  c o n v e r t e d  i n to  p - c a r o t e n e  by 
c a r r o t  l e a f  c h l o r o p l a s t s  (D e c k e r  and U e h l e k e ,  1961) and i n t o  
p  - , IT-, and 8 - c a r o t e n e s  by i s o l a t e d  t o m a t o  p l a s t i d s  or 
s p i n a c h  c h l o r p l a s t s  (Wells ejk , 1 964 ). H o w e v e r ,
p - z e a c a r o t e n e , a m o n o c y c l i c  c o n j u g a t e d  n o n a e n e ,  w a s  f o u n d  in
DPA  - i n h i b i t e d  c u l t u r e s  of P . b l a k e s l e e a n u s  t hu s i n d i c a t i n g  
t h a t  c y c l i s a t i o n  m a y  o c c u r  b e f o r e  c o m p l e t e  d e s a t u r a t i o n  of 
t he  c a r o t e n o i d  to a c o n j u g a t e d  u n a d e c a e n e  ( W i l l i a m s  ^  a l ..
1 965 ). Th e  s am e  c a r o t e n e  has al s o  be e n  f o u n d  in N .cra s s a
(D a v i e s , 19 73).
H i l l  and R o g e r s  (1969), u s i n g  be a n  l e a f  c h l o r o ­
p l a s t s  and t o m a t o  p l a s t i d s ^ d e m o n s t r a t e d  the i n c o r p o r a t i o n  of 
r a d i o - a c t i v i t y  i n t o  p - c a r o t e n e  f r o m  [ l4c] l y c o p e n e .  R a d i o -
o
a c t i v i t y  w-as a l s o  i n c o r p o r a t e d  f r o m  [15,15* - H g J l y c o p e n e
i n t o  oc - , p>- , and - c a r o t e n e s  by s p i n a c h  c h l o r o p l a s t s
and s o l u b l e  e x t r a c t s  f r o m  t o m a t o  f r u i t  p l a s t i d s
( K u s h w a h a  e ^  a_l. , 1 969 ). A l t h o u g h  t h e s e  s t u d i e s
d e m o n s t r a t e d  t h a t  l y c o p e n e  c o u l d  be c o n v e r t e d  i n t o  p - c a r o t e n e , 
t h e y  d id  not  n e c e s s a r i l y  e l i m i n a t e  th e p o s s i b i l i t y  of 
c y c l i s a t i o n  p r o c e e d i n g  t h r o u g h  n e u r o s p o r e n e  and p - z e a c a r o t e n e  
e i t h e r  as an a l t e r n a t i v e  or as the m a i n  p a t h w a y .  
E x p e r i m e n t s  w i t h  c o m p o u n d s  t ha t  i n h i b i t  c y c l a s e  f u n c t i o n  
(e.g. C P T A  and n i c o t i n e )  r e s u l t  in the a c c u m u l a t i o n  of
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l y c o p e n e  in m a n y  s y s t e m s  (see 1 : 4 : 1 0 ). a g a i n  t h i s  d o e s  not 
n e c e s s a r i l y  i m p l y  t h a t  l y c o p e n e  is the  s u b s t r a t e  for 
c y c l i s a t i o n .
T he  e x i s t e n c e  of two p o s s i b l e  p a t h w a y s  to
Y - c a r o t e n e , t h r o u g h  e i t h e r  l y c o p e n e  or p - z e a c a r o t e n e ,  w a s  
d e m o n s t r a t e d  w i t h  an e n z y m e  s y s t e m  f r o m  P . b l a k e s l e e a n u s  
( B r a m l e y  and Da v i e s ,  1976). R a d i o - a c t i v i t y  f r o m  [ 2 - ^ ^ C ] M V A ,  
u s u a l l y  i n c o r p o r a t e d  i n t o  p - c a r o t e n e  by this sys t e m , w a s  
e f f e c t i v e l y  d i l u t e d  out by the a d d i t i o n  of u n l a b e l l e d  
^  - c a r o t e n e  and n e u r o s p o r e n e ,  but not so e f f e c t i v e l y  by 
e i t h e r  l y c o p e n e  or p - z e a c a r o t e n e .  The r e l a t i v e l y  s m a l l  a m o u n t  
of r a d i o - a c t i v i t y  t r a p p e d  in l y c o p e n e  and p - z e a c a r o t e n e  is 
c o n s i s t e n t  w i t h  the v i e w  t h a t  t h e s e  c a r o t e n e s  are  i n t e r ­
m e d i a t e s  on d i f f e r e n t  a l t e r n a t i v e  b i o s y n t h e t i c  r o u t e s .  W h e n
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t h i s  s y s t e m  w a s  i n c u b a t e d  w i t h  [ C] n e u r o s p o r e n e  it w a s  
f o u n d,  on r e - i s o l a t i o n  of u n l a b e l l e d  'c a r r i e r ' c a r o t e n e s ,  
t h a t  e q u a l  a m o u n t s  of r a d i o - a c t i v i t y  had be en  t r a p p e d  in 
l y c o p e n e  and p - z e a c a r o t e n e ,  s u g g e s t i n g  th at b o t h  p a t h w a y s  
w e r e  of e q u a l  p h y s i o l o g i c a l  i m p o r t a n c e  ( B r a m l e y  e_t a l . . 
1977).
G e n e t i c  s t u d i e s  on h e t e r o k a r y o n s  h a ve  d e m o n s t r a t e d  
t h a t  P . b l a k e s l e e a n u s  c o n t a i n s  a c a r o t e n o g e n i c  m u l t i - e n z y m e  
c o m p l e x  c o n s i s t i n g  of f o u r  d e s a t u r a s e s  and t w o  c y c l a s e s  
n e c e s s a r y  for the c o n v e r s i o n  of p h y t o e n e  i n to  p - c a r o t e n e  
(de la G u a r d i a  e_t a l . . 1971; cf. 1 : 3 : 6 : 2 ) . As T - c a r o t e n e  
is j u s t  as l i k e l y  to be s y n t h e s i z e d  f r o m  l y c o p e n e  as f r o m  
p - z e a c a r o t e n e  it has b e e n  s u g g e s t e d  (Davies, 1973) th a t  
c y c l a s e  I is in a p o s i t i o n  in the c o m p l e x  such t h a t  it can
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r e c e i v e  e q u a l l y  th e p r o d u c t  of d e s a t u r a s e  III ( n e u r o s p o r e n e )  
or d e s a t u r a s e  X V  ( l y c o p e n e ) .  As b o t h  n e u r o s p o r e n e  and
T - c a r o t e n e  a re  s u b s t r a t e s  for the c y c l a s e s  and 7 , 8 , 1 1 , 1 2  
t e t r a h y d r o -  [3 ,'y - c a r o t e n e  is d e t e c t e d  in DPA i n h i b i t e d
c u l t u r e s  of P .b l a k e s l e e a n u s  (D a v i e s  and Rees, 1973), it 
w o u l d  a p p e a r  t h a t  t h e s e  c y c l a s e s  h a v e  s p e c i f i c i t y  fo r  
d e s a t u r a t e d  h a l f  c a r o t e n e  m o l e c u l e s  or p e r h a p s  o n l y  
u n s a t u r a t e d  7 , 8 - c a r b o n  bonds.
A l t h o u g h  it w a s  s u g g e s t e d  th at  the C  - r i n g  w as  
i s o m e r i z e d  f r o m  the' p - r i n g  (P o r t e r  and L i n c o l n ,  1 950 ), 
i n h e r i t a n c e  s t u d i e s  w i t h  t o m a t o e s  s u g g e s t e d  t h a t  b o t h  w e r e
f o r m e d  i n d e p e n d e n t l y  f r o m  a c o m m o n  p r e c u r s o r  (Tomes, 1967).
® 14 ' 3
F r o m  e x p e r i m e n t s  w i t h  s t e ^ o s p e c i f i c a l l y  l a b e l l e d  [ C, H]MVA,
it w a s  c o n c l u d e d  t h a t  c a r o t e n o i d  c y c l i z a t i o n  i n v o l v e d  the 
f o r m a t i o n  of an a c t i v e  c y c l i c  i n t e r m e d i a t e  ( F i g . 1:3:6) s t a b i ­
l i z e d  by l o ss  of a p r o t o n  f r o m  e i t h e r  C-4 to f o r m  an 6 - r i n g ,  
or f r o m  C-G to f o r m  a p - r i n g  ( W i l l i a m s  .et. aj.. , 1 967 sLo. Jb ) .
T he  PG1 s t r a i n  of S c e n e d e s m u s  o b l i a u u s  w h e n  g r o w n  
h e t e r o t r o p h i c a l l y  in the d a r k  a c c u m u l a t e s  "g - c a r o t e n e  ; 
B r i t t o n  e_t jlI. , ( 1 977 ) h a r v e s t e d  s uc h cells, r e s u s p e n d e d
t h e m  in D g 0 and e x t r a c t e d  the b i c y c l i c  c a r o t e n o i d s  (o(-, 
p>-carotenes  ^ l u t e i n  and z e a x a n t h i n )  a f t e r  a p e r i o d  of 
a u t o t r o p h i c  g r o w t h .  M a s s  spectrometric a n a l y s i s  d e m o n s t r a t e d  
t h a t  e a c h  b i c y c l i c  c a r o t e n o i d  c o n t a i n e d  two a t o m s  of
d e u t e r i u m  at C-2 and C- 2% D e u t e r i u m  i n c o r p o r a t e d  i n t o
z e a x a n t h i n  ( e x t r a c t e d  f r o m  F l a v o b a c t e r i u m  R 1519) w a s  f ou n d
to give t\r\<z
to be l o c a t e d  at the C ' ' ^ , C-2.'. p o s i t i o n s  2 S., 2*5.
c o n f o r m a t i o n  as r e v e a l e d  by p r o t o n  n.m.r.  ( Pat^i e_t a l . .
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FIG. 1:3:6 MECHANISM OP CAROTENE CYCLISATION
(After V/illiams, 1967)
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1977 ). T h i s  s u g g e s t s  t h a t  the p r o t o n  a tt a c k,  p r o p o s e d  by 
W i l l i a m s  ejt a^. , ( 1 9 67b ), is s t e r i o s p e c i f i c  for the r e - r e
f a c e  i n  t he C - 1 , 2  d o u b l e  b on d on t he a c y c l i c  p r e c u r s o r .
1:3:5: C O F A C T O R  R E Q U I R E M E N T S  FOR C A R O T E N E  B I O S Y N T H E S I S
W h i l s t  m a n y  c a r o t e n o g e n i c  c e l l - f r e e  s y s t e m s  h a v e  
b e e n  d e s c r i b e d ,  l i t t l e  a t t e m p t  has bee n m a d e  to r e m o v e  
e n d o g e n o u s  c o - f a c t o r s  by e i t h e r  g e l  f i l t r a t i o n  or d i a l y s i s ,  
to e n a b l e  a t r u e  a s s e s s m e n t  of the c o f a c t o r  r e q u i r e m e n t s  for 
a p a r t i c u l a r  system.' In a d d i t i o n ,  the m a j o r i t y  of t h e s e  
s y s t e m s  ar e c r u d e  p r e p a r a t i o n s  and so c o f a c t o r s  t h a t
bjj
s t i m u l a t e  c a r o t e n o g e n e s i s  m a y  do s o ^ i n d i r e c t  m e a n s .
1 : 3 : 5 : 1 H i g h e r  Pl a n t s .  The c a r o t e n o g e n i c  e n z y m e s  of
t o m a t o  f r u i t  p l a s t i d s  h a v e b een  e x t e n s i v e l y  s t u d i e d  by 
P o r t e r  and c o - w o r k e r s  and e n z y m e s  suc h as p h y t o e n e  
s y n t h e t a s e  h i g h l y  p u r i f i e d .  The p a r t i a l l y  (3 50 - f o l d )  
p u r i f i e d  p h y t o e n e  s y n t h 3 S.ci p r e p a r a t i o n  f r o m  t o m a t o  f r u i t  
p l a s t i d s  w a s  f o u n d  to c a t a l y s e  t he  f o r m a t i o n  of p h y t o e n e  
f r o m  IPP; a l l i n t e r m e d i a t e  a c t i v i t i e s  c o p u r i f i e d  on g e l  
f i l t r a t i o n  and ^ I P P : p h y t o e n e  s y n t h a s e  c o m p l e x  m o l e c u l a r
W  à-S
w e i g h t  ^ e s t i m a t e d  at 2 0 0 , 0 0 0  ( M a u d i n a s  ejt a_l. , 1 977 ).
T he  2 0 0 , 0 0 0  d a l t o n  c o m p l e x  s h o w e d  a s t r i c t  r e q u i r e m e n t  for
2+ 2+
Mn (not r e p l a c e a b l e  by Mg ), p h y t o e n e  s y n t h e s i s  w a s
s t i m u l a t e d  8- to 7- f old  by ATP (the ATP n ot p a r t i c i p a t i n g
in an y r e a c t i o n )  and 1.5-3 f ol d by N A D P  Thi s c o m p l e x  has
s i n c e  b e e n  f u r t h e r  p u r i f i e d  to y i e l d  a 4 0 , 0 0 0  d a l t o n
IPP = P P P P  s y n t h e t a s e  ( I s l a m  e_t a_l. , 1 977 ) w h i c h  in t u r n  has
b e e n  f o u n d  to c o n s i s t  of a F P P = P P P P  s y n t h e t a s e  and an e n z y m e
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t h a t  c o n v e r t s  IPP i n t o  acid l a b i l e  c o m p o u n d s  b e l o w  C 2 0  
( P o r t e r  et a l .. 1980); h o w e v e r ,  no a d d i t i o n a l  i n f o r m a t i o n  
on th e c o f a c t o r  r e q u i r e m e n t s  of t h e s e  c o m p o n e n t  e n z y m e s  has 
b e e n  r e p o r t e d .
T h e  sa me  g r o u p  h a v e  s u c c e e d e d  in p a r t i a l l y
p u r i f y i n g  t he  e n z y m e s  for c a r o t e n o i d  d e s a t u r a t i o n  and
c y c l i s a t i o n .  T h e p a r t i a l l y  p u r i f i e d  d e s a t u r a s e
p r e p a r a t i o n ,  p r e p a r e d  f r o m  a m m o n i u m  s u l p h a t e  f r a c t i o n a t i o n
of red t o m a t o  f r u i t  a c e t o n e  p o w d e r  e x t r a c t s ,  w a s  f o u n d  to
r e q u i r e  N A D P ^  for th e d e s a t u r a t i o n  of p h y t o e n e  to
p h y t o f l u e n e  and FAD ^ and M n ^ ^  for the c o n v e r s i o n  of
p h y t o f l u e n e  into l y c o p e n e  ( K u s h w a h a  e_t a_l. , 1 970 );
g l u t a t h i o n e  and M g ^ +  w e r e  f o u n d  to be s t i m u l a t o r y  but not
e s s e n t i a l .  A s i m i l a r  p r e p a r a t i o n  f r o m  l y o p h i l i z e d  t a n g e r i n e
t o m a t o  f r u i t  p l a s t i d s  r e q u i r e d  N A D P +  as w e l l  as FAD^ and M n ^ *
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fo r  i n c o r p o r a t i o n  of r a d i o a c t i v i t y  f r o m  c i s -[ C ] p h y t o f l u e n e  
i n t o  m o r e  d e s a t u r a t e d  c a r o t e n o i d s  ( Q ure sh i,  ejk a_l. , 1 974a).
It is p o s s i b l e  th a t N A D P *  is a s s o c i a t e d  w i t h  the c i s - tr a n s  
i s o m e r i z a t i o n  of p h y t o f l u e n e  in t o m a t o  fruit. A p a r t i a l l y  
p u r i f i e d  c y c l a s e  p r e p a r a t i o n  (f r o m  a m m o n i u m  s u l p h a t e  
f r a c t i o n a t i o n  and D E A E - C e l l u l o s e  c h r o m a t o g r a p h y  of a t o m a t o
f r u i t  p l a s t i d  a c e t o n e  p o w d e r  e x t r a c t )  has b e e n  f o u n d  to
+ 2+ 2+ 
r e q u i r e  FAD , Mn and Mg for m a x i m a l  a c t i v i t y  (Po r t er  et
al.. 1980).
S t u d i e s  on an a m m o n i u m  s u l p h a t e  p r e c i p i t a t e d
1 4
s y s t e m  f r o m  s p i n a c h  s h o w e d  t h a t  r a d i o a c t i v i t y  f r o m  [ C ] I P P
w a s  i n c o r p o r a t e d  i n t o  c a r o t e n e s  o n l y  in l i g h t  and w as
+ +
o p t i m u m  in t he  p r e s e n c e  of FAD , N A DP  and a b o i l e d  e x t r a c t
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of s p i n a c h  l e a f  s u p e r n a t a n t  ( S u b b a r a y a n  e_t jlI. • 1 970). 
O m i s s i o n  of th e s p i n a c h  l e a f  e x t r a c t  r e s u l t e d  in o n l y  a 
s m a l l  a m o u n t  of r a d i o a c t i v i t y  b e i n g  i n c o r p o r a t e d  i n t o
c a r o t e n e s ,  m o s t l y  i n t o  p h y t o e n e .  L i k e w i s e  o m i s s i o n  of N A D P *  
a l s o  r e d u c e d  i n c o r p o r a t i o n  i n t o  c a r o t e n o i d s  but m o s t  of t he  
r a d i o a c t i v i t y  w a s  f o u n d  to a c c u m u l a t e  in l y c o p e n e  r a t h e r  
t h a n  p h y t o e n e .  O m i s s i o n  of F A D *  di d not r e s u l t  in r e d u c e d  
i n c o r p o r a t i o n  i n t o  c a r o t e n o i d s ,  but an a c c u m u l a t i o n  of
r a d i o a c t i v i t y  in p h y t o f l u e n e  at the e x p e n s e  of i n c o r p o r a t i o n  
i n t o  l y c o p e n e .  P r e v i o u s  s t u d i e s  w i t h  a s o l u b l e  e x t r a c t  of
s p i n a c h  c h l o r o p l a s t s  s h o w e d  t h a t  r a d i o a c t i v i t y  wa s
i n c o r p o r a t e d  f r o m  [ 1 5 , 1 5 ' - ^ H 2 3l y c o p e n e  in t o B - c a r o t e n e  o n l y  
in the p r e s e n c e  of FAD*; the r e a c t i o n  wa s s t i m u l a t e d  by
N A D P  * ( K u s h w a h a  e_t ^ .  , 1 969 ).
1 : 3 : 5: 2 F u n g i . A d i a l y s e d  c e l l  f re e e x t r a c t  f r o m
P . b l a k e s l e e a n u s  t h a t  i n c o r p o r a t e d  r a d i o a c t i v i t y  f r o m  [2-^^ C 3 M V A  
i n t o  |3 - c a r o t e n e  w a s  f ou n d  to r e q u i r e  NADP* / N A D P H  in 
a d d i t i o n  to A T P  and Mg 2+ (Y oko y a ma ,  e_t aJL. , 1 962 ); N A D ^  was
f o u n d  to i n h i b i t  this syst em . L a t e r  s t u d i e s  on a s i m i l a r  
d i a l y s e d  s y s t e m  f r o m  th e  RJ. m u t a n t  of P . b l a k e s l e e a n u s  s h o w e d  
t h a t  i n c o r p o r a t i o n  of r a d i o a c t i v i t y  i n t o  l y c o p e n e  f r o m
C G G P P  w a s  not d e p e n d e n t  on NAD*, NADP* N A D P H  or ATP
(Lee and C h i c h e s t e r ,  1969). H o w e v e r  i n c l u s i o n  of t h e s e  
c o f a c t o r s  r e s u l t e d  in t w i c e  the a m o u n t  of r a d i o a c t i v i t y  
b e i n g  i n c o r p o r a t e d  i n t o  l y c o p e n e  w i t h o u t  an i n c r e a s e  in 
f  ihcorporafiOKi into total carot<?noidl . A d i a l y s e d  c a r o t e n o g e n i c  
p r e p a r a t i o n  f r o m  the c a r B 10 m u t a n t  ( p h y t o e n e  a c c u m u l a t i n g )  
of P . b l a k e s l e e a n u s  s h o w e d  no r e q u i r e m e n t  for n i c o t i n a m i d e
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n u c l e o t i d e s  or F A D +  for the i_n v i t r o  s y n t h e s i s  of [ ^^ C]
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p h y t o e n e  f r o m  [2- C ]M V A  (Bram ley , 1973).
1:3:5; 3; B a c t e r i a  A c e l l  f r e e  2 7 0 , 0 0 0  x jg s u p e r n a t a n t
p r e p a r e d  f r o m ^  c u t i r u b r u m .  c e l l s  w as  fo u nd  to i n c o r p o r a t e  
r a d i o a c t i v i t y  f r o m  b ot h  [ 2 - ^ ^ C ] M V A  and [ IPP i nt o  
p - c a r o t e n e  and o t h e r  c a r o t e n o i d s  ( K u s h w a h a  ejk aj^. , 1 976 ).
Th e c e l l  f r e e  p r e p a r a t i o n  w a s  fo und  to r e q u i r e  4M N a C l  and 
N A D P  ^  p l us F AD  ^  f or th e d e s a t u r a t i o n  of p h y t o e n e ,  but no 
a t t e m p t  w a s  m a d e  to e l u c i d a t e  the c o f a c t o r  r e q u i r e m e n t  for 
e a c h  r e a c t i o n  step.
1:3:6: R E G U L A T I O N  OF C A R O T E N E  B I O S Y N T H E S I S
1 : 3 : 6 : 1 I n t r o d u c t i o n  . The n a t u r e  and q u a n t i t y  of
c a r o t e n o i d s  f o u n d  in l i v i n g  m a t t e r  is d e p e n d e n t  up on
s p e c i e s ,  t i s s u e ,  ag e and e n v i r o n m e n t .  Thus in any one
s p e c i e s  th e c a r o t e n o i d  c o n t e n t  w i l l  v a r y w i t h  th e l a t t e r  
t h r e e  c o n s i d e r a t i o n s ,  so i l l u s t r a t i n g  the c o m p l e x i t y  of
c a r o t e n o i d  r e g u l a t i o n .  As a r e s u l t  of the l a r g e  s u b j e c t  
ar ea  t h a t  t hi s  t o p i c  e n c o m p a s s e s  and the r e l a t i v e l y  p oo r  
u n d e r s t a n d i n g  of m a n y  i n t e r a c t i o n s ,  o n l y  s e l e c t e d  a s p e c t s  of 
c a r o t e n o i d  r e g u l a t i o n  w i l l  be d i s c u s s e d  here.
1 : 3 : 6 : 2 G e n e t i c s  of C a r o t e n o i d  B i o s y n t h e s i s .  M u c h  w o r k
on th e g e n e t i c s  of c a r o t e n o i d  b i o s y n t h e s i s  has be e n
p e r f o r m e d  u s i n g  c a r o t e n o g e n i c  m u t a n t s  of P .b l a k e s l e e a n u s . 
At l e a s t  f o u r  g e n e s  h a v e  be en  i d e n t i f i e d  t ha t  a f f e c t
c a r o t e n o g e n e s i s  in P . b l a k e s l e e a n u s  (Fig. 1:3:7); g e n e s  c a r B 
and c a r R are s t r u c t u r a l  g e n e s  th a t c o d e  for the
d e s a t u r a t i o n  and c y c l i s i n g  e n z y m e s  , r e s p e c t i v e l y  (O o t a k i  e_t
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al.. 1973), g e n e  c a r S is t h o u g h t  to c o d e  for a d i f f u s i b l e  
p r o d u c t  w i t h  o p e r o n - d e p r e s s o r — l i k e  q u a l i t i e s  and is i n v o l v e d  
in p - c a r o t e n e  f e e d b a c k  i n h i b i t i o n  ( M u r i l l o  and C e r d a - O l m e d o , 
1976), w h i l s t  g e n e  c a r A is n o w  b e l i e v e d  to c o d e  for a 
p r o t e i n  t h a t  has s u b s t r a t e  (i.e.. c a r o t e n e  i n t e r m e d i a t e )  
t r a n s f e r  a c t i v i t y  ( M u r i l l o  ejt aJL. , 1981). M u t a n t s  w i t h  a
d e f e c t i v e  c a r A g e n e  c o n t a i n  v e r y  s m a l l  a m o u n t s  of c a r o t e n e
an d so it w a s  f i r s t  t h o u g h t  t h a t  t h e s e  m u t a n t s  c o n t a i n e d  
d e f e c t i v e  p h y t o e n e —  s y n t h e s i z i n g  e n z y m e s  (Ootaki, e_t a 1. .
1973). H o w e v e r ,  c u l t i v a t i o n  of t h e s e  m u t a n t s  in the p r e s e n c e  
of C P T A  (a c y c l a s e  i n h i b i t o r )  r e s u l t e d  in the a c c u m u l a t i o n  
of r e a s o n a b l e  a m o u n t s  of l y c o p e n e  and "g" - c a r o t e n e  ; as this  
e f f e c t  w a s  c y c l o h e x i m i d e — s e n s i t i v e  it wa s t h e n  s u g g e s t e d  
t h a t  t he  c a r A g e n e  w a s  i n v o l v e d  in a n e g a t i v e  c o n tr o l ,
s e n s i t i v e  to p - c a r o t e n e ,  w h e r e  c a r A m u t a n t s  p o s s e s s e d  an
a b n o r m a l l y  l o w  t h r e s h o l d  for th i s m e c h a n i s m  (M ur il lo,  1980).
It had b e e n  p r e v i o u s l y  sh o w n t h at  c a r A and c a r S f u n c t i o n s  
w e r e  i n d e p e n d e n t  g e n e s  ( M u r i l l o  and C e r d a - O l m e d o , 1 976 ) and
t h a t  w h i t e  m u t a n t s  f a i l i n g  to c o m p l e m e n t  g e n e  c a r A .
f r e q u e n t l y  f a i l e d  to c o m p l e m e n t  c a r R as w e l l  ( O o t a k i  .et. al..
1973). L a t e r  i n v e s t i g a t i o n s  s h o w e d  t hat  c a r A and c a r R 
r e p r e s e n t e d  d i f f e r e n t  p o r t i o n s  of th e sa me  gene, w h e r e  c a r A 
w a s  th e l a r g e r  p o r t i o n  s i t u a t e d  t o w a r d s  the N - t e r m i n u s  of 
t h e  p e p t i d e  p r o d u c t  ( C e r d a - O l m e d o  and T o r r e s - M a r t i n e z ,
1 979 ). To e x p l a i n  the p r o p e r t i e s  of C 2* C 9  (c a r A * c a r R
m u t a n t s )  h e t e r o k a r y o n s ,  the p r o d u c t  of g e n e  c a r RA m u s t  be 
s p l i c e d  a f t e r  t r a n s l a t i o n  ( C e r d a - O l m e d o  and T o r r e s - M a r t i n e z , 
1979). M a p p i n g  e x p e r i m e n t s  h a v e  n o w  sh ow n t h a t  g e n e  c a r B 
( c o d i n g  for the d e s a t u r a s e )  is v e r y  near, but not a p a r t  of,
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g e n e  ca r RA ; t h i s  g e n e  c l u s t e r  is t h o u g h t  to be 10 m a p  u n i t s  
f r o m  th e c e n t r o m e r e  of one of the c h r o m o s o m e s  ( R o n c e r o  and 
C e r d a - O l m e d o ,  1982). H o w e v e r ,  r e s u l t s  f r o m  g e n e  — l i n k i n g  
e x p e r i m e n t s  s u g g e s t  t h a t  g e n e  c a r S is on the s am e  c h r o m o s o m e  
as th e a b o v e  c l u s t e r ,  but not nea r it. T hu s  the 
o r g a n i z a t i o n  of g e n e s  a f f e c t i n g  c a r o t e n o g e n e s i s  in 
P . b l a k e s l e e a n u s  is r e m i n i s c e n t  of the  c l a s s i c a l  o p e r o n  
m o d e l ,  w h e r e  c a r S is t he  r e p r e s s o r  g e n e  (Fig. 1:3:7).
D e s p i t e  e x t e n s i v e  s e a r c h e s  for n e w  m u t a n t s  of
P .b l a k e s l e e a n u s  . no s t r a i n  w i t h  a d e f e c t i v e  p h y t o e n e
s y n t h a s e  or p h y t o e n e  i s o m e r a s e  has b e e n  i s o l a t e d  to date. 
S t r a i n s  S 11 9 and S 14 4 h a v e  b e e n  r e p o r t e d  to be i n s e n s i t i v e  
to r e t i n o l  and CPTA; w h i l s t  the m u t a t i o n  in S144 m a p p e d  o n t o
a n e w  gene, c a r l. the m u t a t i o n  in SI 19 w a s fo u n d  to be
c l o s e  to m u t a t i o n  c a r A5 in th e A “ S e c t i o n  of g e n e  c a r RA
( R o n c e r o  and C e r d a - O l m e d o ,  1982). As s t r a i n  S106 (a c a r S 
m u t a n t )  is not s t i m u l a t e d  by r e t i n o l ,  it w a s  p r o p o s e d  that
t h i s  c a r r i e d  an a d d i t i o n a l  m u t a t i o n  (car 102) t h a t  a f f e c t s
r e t i n o l  s t i m u l a t i o n  ( M u r i l l o  and C e r d a - O l m e d o ,  1978).
R e t i n o l  s t i m u l a t i o n  is t h o u g h t  to be l i n k e d  to th e A - s e c t i o n
of g e n e  c ar RA ( E s l a v a  ejt a_l. , 1 974 ). L i g h t  g i v e s  ri s e  to
m a n y  r e s p o n s e s  in P .b l a k e s l e e a n u s . of w h i c h  i n c r e a s e d
c a r o t e n o g e n e s i s  is on e ( s e c t i o n  1 :3:6:4). S e v e n
i n d e p e n d e n t  g e n e s  h a v e  b e e n  f o u n d  to be i n v o l v e d  in the 
l i g h t  r e s p o n s e ,  m a d - A . B . C . D . E  and G (E sl a v a .et. a_l. , 1 978 ),
of w h i c h  m u t a t i o n s  in g e n e s  m a d - A . m a d - B and p e r h a p s  m a d - D 
a f f e c t  l i g h t  i n d u c e d  c a r o t e n o g e n e s i s  ( J a y a r a m  ejt a_l. , 1 980 ).
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M u t a n t s  of t he f u n g u s  N e u r o s  pera c r a s s a  d e f e c t i v e  
in c a r o t e n e  b i o s y n t h e s i s  w e r e  f o u n d  to be of f o u r  t y p e s  - 
i ) m u t a n t s  t h a t  l a c k e d  a l l  c a r o t e n o i d s ;
ii) m u t a n t s  t ha t c o n t a i n e d  p h y t o e n e  only;
iii) m u t a n t s  t h a t  a c c u m u l a t e d  p h y t o e n e  and p a r t i a l l y  
d e s a t u r a t e d  c a r o t e n o i d s ,  and
iv) t h o s e  d e f e c t i v e  in c a r b o x y l a t e d  c a r o t e n o i d s  (e.g. 
n e u r o s p o r a x a n t h i n )  syn thesis (Haxo, 1956)
C o m p l e m e n t a t i o n  s t u d i e s  w i t h  w h i t e  m u t a n t s  r e v e a l  
t h r e e  g e n e s  aJL-1 , a_l- 2 and al.“ 3 w h e r e  a_l-1 and a_l- 2 are 
c l o s e l y  l i n k e d  (not all  aJL-1 and a_l-2 m u t a n t s  c o m p l e m e n t  
e a c h  o t h e r )  and a_l- 3 l i e s  on a d i f f e r e n t  c h r o m o s o m e  ( Su b d e n  
and T h r e l k e l d  , 1 970 ; S u b d e n  and Gol d ie ,  1 973 ). Th e al-1
m u t a n t  a c c u m u l a t e d  p h y t o e n e  or, if leaky, a n u m b e r  of 
p a r t i a l l y  d e s a t u r a t e d  c a r o t e n o i d s ,  th us s u g g e s t i n g  t h a t  g e n e  
al-1 c o d e d  fo r the d e s a t u r a s e  ( S u b d e n  and G o l d ie ,  1973) 
w h e r e a s  a_l- 2 and aJL-3 m u t a n t s  w e r e  c a r o t e n o i d l e s  s ( K u s h w a h a  
et al.. 1978). C e l l - f r e e  e n z y m e  p r e p a r a t i o n s  f r o m  the al-3
U
m u t a n t  w e r e  a b l e  to i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  C C 3 G G P P
i n t o  p h y t o e n e ,  but u n a b l e  to i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  
14
[ C 3 I P P  i n t o  GGPP, w h e r e a s  the  r e v e r s e  is t r u e  of e n z y m e
p r e p a r a t i o n s  f r o m  the   ^ 3 J = . ~ 2 m u t a n t  ( H a r d i n g  and Tu r ne r ,
1981). As e n z y m e  p r e p a r a t i o n s  f r o m  the a_l-3 m u t a n t  w e r e
14
a b l e  to i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  [ C ] I P P  in t o FPP it 
w a s  p o s t u l a t e d  t h a t  g e n e  aJ.-3 c o d e d  for a p r e n y l  t r a n s f e r a s e  
s p e c i f i c  f or  t he  s y n t h e s i s  of GG P P w h i l s t  g e n e  3 J s . - 2 c o d e d  
for p h y t o e n e  s y n t h a s e .
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Y e l l o w  m u t a n t s  of N .c r a s s a  s y n t h e s i  e c a r o t e n o i d s ,  
bu t  not  the  c a r b o x y l a t e d  c a r o t e n o i d , n e u r o s p o r a x a n t h i n .  
C o m p l e m e n t a t i o n  s t u d i e s  w i t h  t h o s e  m u t a n t s  s h o w  t h a t  the 
g e n e t s ) c o d i n g  for n e u r o s p o r a x a n t h i n  s y n t h e s i s  (vlo ) are 
u n l i n k e d  to th e aJL-1 , a_l-2 c l u s t e r  (c it ed f r o m  C e r d a - O l m e d o  
and T o r r e s - M a r t i n e z , 1979).
T he a n t h e r  smut U s t i l a o o  v i o l a  cea a c c u m u l a t e s
l y c o p e n e ,  yet m u t a n t s  ha v e  b e en  i s o l a t e d  t h a t  a c c u m u l a t e  
p - c a r o t e n e  or "S' - c a r o t e n e  in a d d i t i o n  to p h y t o e n e — a c c u m u l a  
t i n g  and c a r o t e n o i d l e s s  m u t a n t s  ( G a r b e r  ejt a_l. , 1 975 ).
P h e n o t y p e s  of d i f f e r e n t  h e t e r o z y g o t e s  w e r e  e x p l a i n e d  by 
p o s t u l a t i n g  t h r e e  g e n e s ;  the w - g e n e  for d e s a t u r a t i o n ,  the 
o - g e n e  for c y c l i s a t i o n - 1 ( Y  - c a r o t e n e  f o r m i n g )  and y - g e n e
for t h e  s e c o n d  c y c l i s a t i o n  to f o r m  p - c a r o t e n e .  In the w i l d
type, _o and y  g e n e  p r o d u c t s  w e r e  not ac t iv e .
S e v e n  i n d e p e n d e n t  g e n e s  a f f e c t i n g  c a r o t e n e  
b i o s y n t h e s i s  h a v e  b e en  i d e n t i f i e d  in the p h o t o s y n t h e t i c  
b a c t e r i u m  R h o d o o s e u d o m o n a s  c a o s u l a t a  (M&rrs , 1982, for
r e v i e w ) . M u t a n t s  w i t h  d e f e c t s  in g e n e s  c r t B or c r t E are
c a r o t e n o i d l e s s  , w h i l s t  m u t a n t s  w i t h  d e f e c t i v e  g e n e s  c r t H and 
c r t C w e r e  f o u n d  to a c c u m u l a t e  p h y t o e n e  and n e u r o s p o r e n e  
r e s p e c t i v e l y .  The  r e m a i n i n g  c a r o t e n o i d  genes , c r t C . c r t D . 
cr t F and crt A are t h o u g h t  to o c d e  re6ptec+'ive?J ij for a 
h y d r a t a s e ,  3 , 4 - d e h y d r o g e n a s e ,  0 - m e t h y l a s e  and o x y g e n a s e .  
A l l  g e n e s  e x c e p t  for c r t H . the d e s a t u r a s e ,  w e r e  f o u n d  to be 
c l o s e l y  l i n k e d  on a 40 m e g a d a l t o n  c h r o m o s o m e  s e g m e n t  t h a t  
c a r r i e s  the g e n e s  s p e c i f i c  for p h o t o s y n t h e t i c  m e m b r a n e  and 
p h o t o p i g m e n t  s y n t h e s i s .
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1 ; 3 ; 6 : 3 C h e m i c a l  C o n t r o l  of C a r o t e n o q e n e s i s . T he  i n c r e a s e
in p i g m e n t a t i o n  o b s e r v e d  in m a t i n g  s t r a i n s  of 
P .b l a k e s l e e a n u s  ( B l a k e s l e e ,  1904) and o t h e r  f u n g i  w a s  f ou n d  
to be i n d u c e d  by t r i s p o r i c  ac i d  d e r i v e d  f r o m  p - c a r o t e n e  
( C a g l i o t t i  e t . a_l. , 1966; B u ' L o c k  .ejk slI. • 1 974 ; C e r d a - O l m e d o
and T o r r e s - M a r t i n e z ,  1979). T r i s p o r i c  acid s t i m u l a t e d  
p i g m e n t  s y n t h e s i s  w a s  r e p o r t e d  to be c y c l o h e x i m i d e  s e n s i t i v e  
( T h o m a s  ejb .al,. , 1 967 ).
R e t i n o l  and p - i o n o n e  w e r e  fo u n d  to s t i m u l a t e  
p - c a r o t e n e  s y n t h e s i s  in the w i l d  t y p e s t r a i n  of 
P. b l a k e s l e e a n u s . l y c o p e n e  s y n t h e s i s  in c a r R m u t a n t s  and 
p h y t o e n e  s y n t h e s i s  in c a r B m u t a n t s  (E sl a v a  e_t a_l. , 1 974 ).
At f i r s t  it w a s  t h o u g h t  t h at  r e t i n o l  (and p - i o n o n e )  w a s  a 
m i m i c  of t r i s p o r i c  acid; h o w e v e r ,  it has b e e n  s h o w n  t h a t  
r e t i n o l  s t i m u l a t i o n  is i n d e p e n d e n t  of b o t h  s e x u a l  s t i m u l a t i o n  
and t he  c a r S g e n e  ( M u r i l l o  and C e r d a - O l m e d o ,  1976). 
I n t e r s e x u a l  h e t e r o k a r y o n s  e x p r e s s i n g  the c a r l 0 2 m u t a t i o n  
( c o n s t i t u t i v e  r e t i n o l  s t i m u l a t i o n )  and p o s s e s s i n g  a 
d e f e c t i v e  c a r S g e n e  a c c u m u l a t e  up to 500 t i m e s  t h e  a m o u n t  of
p - c a r o t e n e  as d o e s  t he  w i l d  t y p e  ( C e r d a - O l m e d o  and T o r r e s -
M a r t i n e z ,  1979). W h i l s t  c a r o t e n o g e n e s i s  in c a r A m u t a n t s  is 
s t i m u l a t e d  by r e t i n o l ,  c a r o t e n o g e n e s i s  in a c a r A .c a r R d o u b l e  
m u t a n t  is not ( cit ed  f r o m  R o n c e r o  and C e r d a - O l m e d o ,  1982). 
T h i s  m i g h t  be d u e  to a f r a m e s h i f t  m u t a t i o n  r e n d e r i n g  the 
w h o l e  of g e n e  c a r RA n o n s e n s i c a l  ( C e r d a - O l m e d o  and T o r r e s -
M a r t i n e z ,  1979); a p a r t  of t he A - s e c t i o n  of t hi s  g e n e  is
t h o u g h t  to be i n v o l v e d  w i t h  r e t i n o l  s t i m u l a t i o n  (E s l a v a  e t .
, 1 9 7 4  ).
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W h e n e v e r  p - c a r o t e n e  s y n t h e s i s  is h i n d e r e d ,  e i t h e r  
t h r o u g h  m u t a t i o n  (e.g. c a r B . c a r R m u t a n t s )  or c h e m i c a l
i n h i b i t i o n  (e.g. DPA, CPTA) the  s y n t h e s i s  of c a r o t e n e s  p r i o r  
to p - c a r o t e n e  is s t i m u l a t e d ,  s u g g e s t i n g  end p r o d u c t  
( f e e d b a c k )  i n h i b i t i o n .  The c a r S m u t a n t s  of P .b l a k e s l e e a n u s  
a p p e a r  to l a c k  th is t y p e  of i n h i b i t i o n  as a c a r B c a r S d o u b l e  
m u t a n t  d o e s  not a c c u m u l a t e  any m o r e  p h y t o e n e  t h a n  a s i n g l e  
c a r B m u t a n t  ( M u r i l l o  and C e r d a - O l m e d o ,  1976). It has b e e n  
o b s e r v e d  that, in v i t r o . p - c a r o t e n e  s p e c i f i c a l l y  i n h i b i t s  
c y c l a s e  a c t i v i t y  c a u s i n g  r a d i o a c t i v i t y  f r o m  £ 2 - ^ ^ C ] M V A  to 
a c c u m u l a t e  in l y c o p e n e  and ^ ^ ^ c a r o t e n e ,  w h i l s t  in the s a me  
c e l l - f r e e  sy st em ,  ' Y  - c a r o t e n e ,  l y c o p e n e ,  p - z e a c a r o t e n e  and 
n e u r o s p o r e n e  (but not p - c a r o t e n e )  w e r e  a ll  fo u n d  to i n h i b i t  
p h y t o e n e  d e s a t u r a t i o n  ( B r a m l e y  and Dav i es ,  1976).
C e r t a i n  o n i u m  c o m p o u n d s  h a v e  b ee n  fo u n d  to 
i n f l u e n c e  t he c a r o t e n o i d  c o n t e n t  in the f l a v e d o  of M a r s h  
s e e d l e s s  g r a p e f u i t  (see Y o k o y a m a  e_t a_l. , 1982, for r e v i e w ) .
C o m p o u n d s  w i t h  the g e n e r a l  f o r m u l a  (E t )2 N C H 2 C H 2 ^i w h e r e  
"R-" w a s  e i t h e r  an a r o m a t i c  or an a l i p h a t i c  gr oup , w e r e
f o u n d  to i n d u c e  th e s y n t h e s i s  of a l l - 1r a n s  c a r o t e n o i d s .
E f f e c t i v e n e s s  as an i n d u c e r  a p p e a r e d  to be a f u n c t i o n  of
l i p o p h i l i c i t y  and w h e r e  "R-" w a s  an a r o m a t i c  group,  
s u b s t i t u t i o n  of a l i p o p h i l i c  g r o u p  i n to  the ” oara - p o s i t i o n  
i m p r o v e d  p o t e n c y .  C o m p o u n d s  w h e r e  "2" w as  b o u n d  t h r o u g h  a 
h y d r o c a r b o n  l i n k a g e  i n d u c e d  m o r e  l y c o p e n e  t h an  p - c a r o t e n e  
(but m o r e  p - c a r o t e n e  t h an  c o n t r o l  in n u m e r o u s  e x a m p l e s )  
w h e r e a s  c o m p o u n d s  s u ch  t ha t  "_R_%" w as b o u n d  t h r o u g h  an e s t e r  
l i n k a g e  i n d u c e d  m o r e  p - c a r o t e n e .  It w a s c o n c l u d e d  t h a t
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c o m p o u n d s  i n d u c i n g  m o r e  l y c o p e n e  t h a n  p - c a r o t e n e  not o n l y  
i n d u c e d  th e s y n t h e s i s  of a l l - t r a n s  c a r o t e n o i d s  but al s o  
i n h i b i t e d  c y c l a s e  a c t i v i t i y .  A s e c o n d  c l a s s  of c o m p o u n d s ,  
d e r i v a t i v e s  of d i b e n z y l a m i n e , w e r e  f o u n d  to i n d u c e  t h e b i o ­
s y n t h e s i s  of p o l v - cis c a r o t e n o i d s .  S u b s t i t u t e d  N ^ b e n z y l -  
f u r f u r y l a m i n e s  w e r e  f o u n d  to be b e t t e r  i n d u c e r s  of o o l v - cis 
c a r o t e n o i d s  t h a n  s u b s t i t u t e d  d i b e n z y l a m i n e s  and s u b s t i t u t e d  
N - m e t h y l ,  N - b e n z y l - f u r f u r y l a m i n e s  e v e n  m o r e  e f f e c t i v e .
1 : 3 : 6 : 4 L i g h t  I n d u c e d  C a r o t e n e  S v n t h e s i s .  T h e  p h e n o m e n o n  
of p h o t o i n d u c e d  c a r o t e n e  b i o s y n t h e s i s  has b e en  n o t e d  in a 
n u m b e r  of n o n - p h o t o s y n t h e t i c  m i c r o - o r g a n i s m s .  A n u m b e r  of 
s t u d i e s  i n d i c a t e  t h a t  the p h o t o i n d u c t i o n  p r o c e s s  c o n s i s t s  of 
a t e m p e r a t u r e — i n d e p e n d e n t  p h o t o c h e m i c a l  r e a c t i o n  and a 
t e m p e r a t u r e - d e p e n d e n t  b i o c h e m i c a l  "dark"  r e a c t i o n  in v a r i o u s  
s p e c i e s ,  i n c l u d i n g  M v c o b a  c t e r i u m  sp. (R il li ng,  1 964 ), 
N . c r a s s a  ( Rau e_t aj^. , 1 968 ), F u s a r i u m  a a u a e d u c t u u m  ( Rau ,
1967 a, b) and R h o d o t o r u l a  m i n u t a  (Tada and S h i r o i s h i ,  
1 982 ).
In b a c t e r i a  the p h o t o c h e m i c a l  r e a c t i o n  is o x y g e n  
d e p e n d e n t  (e.g. M v c o b a c t e r i u m  sp. ; Ri l li n g ,  1964 ) w h e r e a s  
in fungi,  th e p h o t o c h e m i c a l  r e a c t i o n  p r o c e e d s  u n d e r  
a n a e r o b i c  c o n d i t i o n s  ( e . a . N . c r a s s a : Rau, 1 969, and R .m i n u t a  :
T a d a  and S h i r o i s h i ,  1982). A c t i o n  s p e c t r a  for the 
p h o t o c h e m i c a l  r e a c t i o n  all s h o w  t h a t  the b l u e - u . v .  r e g i o n  is 
r e s p o n s i b l e  f or p h o t o i n d u c t i o n  and a n u m b e r  of 
p h o t o r e c e p t o r s  h a v e  b e e n  p r o p o s e d  i n c l u d i n g  p o r p h y r i n s  
(H ow e s and B a t r a , 1970a), f l a v i n s - f l a v o p r o t e i n s  (Rau, 1967b)
and p - c a r o t e n e  (De Fa b o e_t a_l. , 1 976 ). It has b e e n  o b s e r v e d
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t h a t  o n c e  t he  p h o t o c h e m i c a l  r e a c t i o n  has t a k e n  pl ac e , the
a c q u i r e d  a b i l i t y  to i n d u c e  c a r o t e n o g e n e s i s  is n ot  l o s t  on 
p r o l o n g e d  c o l d  s t o r a g e  (R il li ng,  1962). Th is  " m e m o r y "  w as
s u g g e s t e d  to be a p h o t o c h e m i c a l  p r o d u c t  t h a t a c t e d  as an
i n d u c e r  ( R i l l in g ,  1964). V a r i o u s  c h e m i c a l s  h a v e  b ee n  
r e p o r t e d  t h a t  i n d u c e  c a r o t e n o g e n e s i s  in the d a r k  in f u n g i  
and M y c o b a c t e r i u m  m a r i n u m . but not t h r o u g h  t h e  sa me  
m e c h a n i s m  as l i g h t  ( G ood win , 1980 for r e v i e w ) .
B e t w e e n  th e p h o t o c h e m i c a l  e v e n t  and the a p p e a r a n c e  
of i n c r e a s e d  c a r o t e n o g e n e s i s  a lag  p h a s e  has b e e n  n ot e d
d u r i n g  w h i c h  p r o t e i n  s y n t h e s i s  is t h o u g h t  to o c c u r  (Batra,
1971). T h e  d u r a t i o n  of the lag p e r i o d  is d e p e n d e n t  on
s p e c i e s  and t e m p e r a t u r e .  It has be en o b s e r v e d  t ha t
p h o t o i n d u c t i o n  p r o m o t e s  the s y n t h e s i s  of a n e w  p r o t e i n  in 
N . c r a s s a  ( S u b d e n  and T u ri a n , 1970) and t ha t l i g h t  s t i m u l a t e s  
p r o t e i n  b i o s y n t h e s i s  in V e r t i c i l l i u m  a o a r i c i n u m  ( V a l a d o n  
et a 1 . 1975). A l t h o u g h  o x y g e n  is n e c e s s a r y  for
c a r o t e n o g e n e s i s  it is not v i t a l  for the lag p h a s e  p r o c e s s ,  
as i l l u m i n a t e d  c el l s  p l a c e d  u n d e r  n i t r o g e n  in d a r k n e s s  for a 
t i m e  s y n t h e s i z e  c a r o t e n o i d s  d i r e c t l y  on e x p o s u r e  to o x y g e n  
e v e n  in t he p r e s e n c e  of c y c l o h e x i m i d e  (Lang and Rau, 1972). 
L i g h t  —  i n d u c e d  c a r o t e n o g e n e s i s  in N . c r a s s a  is i n h i b i t e d  by 
c y c l o h e x i m i d e  ( H a rd i n g,  1974) and in M y c o b a c t e r i u m  s p . by 
c h l o r a m p h e n i c o l  and p u r o m y c i n  ( Ba tra  and R i l l i n g ,  1964; 
H o w e s  and Batra,  1970a).
It has b ee n  d e m o n s t r a t e d  t h a t  in M y c o b a c t e r i u m  s p .
l i g h t  i n d u c e s  th e s y n t h e s i s  of p r e p h y t o e n e  p y r o p h o s p h a t e
s y n t h e t a s e  at l e a s t  (an a c t i v i t y  a b s e n t  f r o m  d a r k  g r o w n
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ce ll s )  and r a i s e s  the  a c t i v i t y  of G G P P  s y n t h e t a s e  s e v e r a l  
fold; l i g h t  had no e f f e c t  on the a c t i v i t y  of I P P - i s o m e r a s e
( G r e g o n i s  and R i l l i n g ,  1974). In N .c r a s s a . p h y t o e n e
a c c u m u l a t e s  in the d a r k  i n s t e a d  of p - c a r o t e n e  and 
n e u r o s p o r a x a n t h i n ,  th us  s u g g e s t i n g  t h a t  the p o s t - p h y t o e n e  
s y n t h e t a s e  e n z y m e s  are p h o t o - i n d u c e d  ( H a r d i n g  et. ^ .  , 1969 ).
It has b e e n  r e p o r t e d  t h at  p h y t o e n e  s y n t h e s i s  in the p h y t o e n e  
a c c u m u l a t i n g  a_l-1 m u t a n t  is a l s o  s t i m u l a t e d  by l i g h t
( L a n s b e r g e n  ejt a%. , 1976 ). C e l l — f r e e  p r e p a r a t i o n s  f r o m
v a r i o u s  a l b i n o  m u t a n t s  of N . c r a s s a  g r o w n  in l i g h t  or 
d a r k n e s s  d e m o n s t r a t e  t h a t  l i g h t  i n d u c e s  i n c r e a s e d  p h y t o e n e  
s y n t h e t a s e  and G G P P  s y n t h e t a s e  a c t i v i t i e s ,  but d o e s  not 
s t i m u l a t e  th e s y n t h e s i s  of FPP ( H a r d i n g  and Tur n er ,  1981).
The  N . c r a s s a w t - 1 g e n e  is b e l i e v e d  to be a 
r e g u l a t o r y  g e n e  for p h o t o - i n d u c e d  c a r o t e n o g e n e s i s  s i n c e  w t -1 
m u t a n t s  a c c u m u l a t e  p h y t o e n e  and h a v e  no l i g h t — s t i m u l a t e d  
G G P P  or P P P P  s y n t h e t a s e  a c t i v i t y  (T u r n e r  and H a r d i n g ,  1981).
Th e b i p h a s i c  l i g h t  d o s e - r e s p o n s e  c u r v e  of 
P . b l a k e s l e e a n u s  w as  r e p o r t e d  to be c o m p o s e d  of a l o w
f l u e n c e  r e s p o n s e  and a e y e ] o h e x i m i d e — s e n s i t i v e  h i g h  f l u e n c e  
r e s p o n s e  ( J a y a r a m  ejt al.. , 1 979 ). It w a s  f o u n d  t h a t  h i g h
f l u e n c e  l i g h t  —  i n d u c e d  c a r o t e n o g e n e s i s  w a s a f f e c t e d  by tw o  
or t h r e e  of six "mad" g e n e s  t h at  r e g u l a t e  p h o t o t r o p i c  
r e s p o n s e s  in t hi s f u n g u s  ( J a y a r a m  e t . a^. , 1 980 ).
C a r o t e n o i d s ,  m o s t l y  x a n t h o p h y l l s , are p r e s e n t  in 
t he p r o t h y l a k o i d s  and p r o l a m e l l a r  b o d y of e t i o p l a s t s  
( W e l l b u r n  and Ha mp p, 1979). On e x p o s u r e  to l i g h t  the
e t i o p l a s t  is t r a n s f o r m e d  i n t o  the c h l o r o p l a s t  w i t h
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c o n c o m i t a n t  i n c r e a s e  in c a r o t e n o g e n e s i s  . L i g h t - s t i m u l a t e d  
c a r o t e n o g e n e s i s  r e s u l t s  in a c h a n g e  of the p a t t e r n  of 
a c c u m u l a t e d  c a r o t e n o i d s  such t h a t  the
c a r o t e n e  = x a n t h o p h y l l  r a t i o  i n c r e a s e s .  C h l o r o p l a s t
d e v e l o p m e n t  i n h i b i t o r s  such as a c t i d i o n e  i n h i b i t  l i g h t  
i n d u c e d  c a r o t e n e  b i o s y n t h e s i s  (L i c h t e n t h a l e r , 1973).
W h i l s t  b l u e  l i g h t  has b e e n  f ou n d  to be m o r e  
e f f e c t i v e  t h a n  red l i g h t  to a c t i v a t e  c a r o t e n o g e n e s i s  in
e t i o l a t e d  b a r l e y  s e e d l i n g s  ( K l e u d g e n  and L i c h t e n t h a l e r ,
1974), c a r o t e n o i d  b i o s y n t h e s i s  is t h o u g h t  to be
c o n t r o l l e d  by p h y t o c h r o m e  (Cohe n and G o o d w i n ,  1962). 
M u s t a r d  s e e d l i n g s  g r o w n  u n d e r  c o n s t a n t  far —  red 
i l l u m i n a t i o n  h a v e  i n c r e a s e d  r a t e s  of c a r o t e n e  b i o s y n t h e s i s  
a f t e r  3 h ; t hi s  f a r - r e d  s t i m u l a t i o n  has be e n fo u n d  to be 
a c t i d i o n e  s e n s i t i v e  (Virgin, 1967). S t i m u l a t i o n  of
c a r o t e n o g e n e s i s  by far — red l i g h t  has be en  r e p o r t e d  in
e t i o l a t e d  b a r l e y  and h o r s e - r a d i s h  s e e d l i n g s  ( L i c h t e n t h a l e r  
a nd Be c k e r ,  1975). H o w e v e r ,  far red l i g h t  has be en
r e p o r t e d  to c o u n t e r a c t  the p h o t o i n d u c t i v e  e f f e c t  of red 
l i g h t  on c a r o t e n e  b i o s y n t h e s i s  in e t i o l a t e d  m a i z e  
s e e d l i n g s  ( Co h e n  and G o o d w i n ,  1962).
1 : 3 : 6 : 5 S i t e s  of C a r o t e n o i d  B i o s v n t h e s i s . C a r o t e n o i d s  are
f o u n d  in the c h l o r o p l a s t  g r a n a  of g r e e n  t i s s u e s  of h i g h e r  
p l a n t s .  D e s p i t e  t h e i r  p l a s t i d a l  l o c a t i o n ,  the c a r o t e n o g e n i c  
e n z y m e s  are t h o u g h t  to be u n d e r  n u c l e a r  c o n t r o l  (Kirk and 
T i l n e y - B a s s e t t , 1 967 ). A l t h o u g h  it is a g r e e d  t ha t the
c h l o r o p l a s t  is t he so le  c a r o t e n o g e n i c  site, th e i d e n t i t y  of 
the  f u n d a m e n t a l  m e t a b o l i t e  used  by the c h l o r o p l a s t  for
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c a r o t e n e  b i o s y n t h e s i s  is a s u b j e c t  of m u c h  c o n t o v e r s y .  
C a n d i d a t e s  for t h e  c a r o t e n o g e n i c  p r e c u r s o r  r a n g e  f r o m  IPP 
( K r e u z  and K l e i n i g .  1981) to CO 2  ( G r u m b a c h  and Forn, 1 980 ).
On e of th e key i n t e r m e d i a t e s  in c a r o t e n o i d  
b i o s y n t h e s i s  is t h o u g h t  to be a c e t y l - C o A ,  an i m p o r t a n t  
m e t a b o l i t e  b i o s y n t h e s i z e d  f r o m  p y r u v a t e  and f o r m e d  as a 
r e s u l t  of g l y c o l y s i s  or p - o x i d a t i o n  of f a t t y  acids.  
H o w e v e r ,  b o t h  g l y c o l y t i c  and f a t t y  ac id  o x i d a t i v e  a c t i v i t i e s  
a p p e a r  to be a b s e n t  in c h l o r o p l a s t s  (Stitt and ap Rees, 
1979), i m p l y i n g  t h a t  e i t h e r  a c e t y l  CoA is s y n t h e s i z e d  
t h r o u g h  an u n u s u a l  r out e,  is t r a n s p o r t e d  i n t o  the
c h l o r o p l a s t  f r o m  o u t s i d e  ( p e r h a p s  as a n o t h e r  m e t a b o l i t e  
e a s i l y  c o n v e r t e d  into a c e t y l  CoA), or t h at  c h l o r o p l a s t s
do not b i o s y n t h e s i z e  c a r o t e n o i d s  f r o m  a c e t y l  CoA.
S p i n a c h  c h l o r o p l a s t s  h a v e  been r e p o r t e d  to
i n c o r p o r a t e  ^^C02 i n t o  f a t t y  a c i d s  ( M u r p h y  and Leech , 1978)
d e s p i t e  t he a s s e r t i o n s  t ha t  c h l o r o p l a s t s  c a n n o t  s y n t h e s i z e
a c e t y l  Co A f r o m  p h o t o s y n t h e t i c a l l y  fi x e d C O 2  ( S h e r r a t  and
G i v a n ,  1973). I s o l a t e d  s p i n a c h  c h l o r o p l a s t s  w e r e  a l s o
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r e p o r t e d  to be a b l e  to i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  CO 2
i n t o  p - c a r o t e n e  ( B i c k e l  and S c h u l t z ,  1976), but the 
p r e p a r a t i o n  had c y t o p l a s m i c  c o n t a m i n a n t s .  R a d i o a c t i v i t y  
f r o m  ^^CO 2i C ^^C] p y r u v a t e , C ^ ^ C ] a c e t a t e  and C ^ ^ C I M V A  has 
b e e n  i n c o r p o r a t e d  i n t o  p - c a r o t e n e ,  m o n o -  and di-
g a l a c t o s y l d i g l y c e r i d e s  , by an i n t a c t  c h l o r o p l a s t  p r e p a r a t i o n
( G r u m b a c h  and Forn, 1980; G r u m b a c h ,  1980). It w a s  c o n c l u d e d
- OMS
t ha t  s p i n a c h  c h l o r o p l a s t s  w e r e  a u t o n o m ^ f o r  a c e t y l  CoA, f a t t y  
a cid  and t e r p e n o i d  b i o s y n t h e s i s  w h e r e  a c e t y l  C oA  w a s
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s y n t h e s i z e d  f r o m  f i x e d  CO 2  via p h o s p h o g l y c e r a t e  and p y r u v a t e  
(G r u m b a c h , 1 9  80).
In p l a n t s  it n o w  a p p e a r s  t h at  a c e t y l  CoA  is 
s y n t h e s i z e d  e x c l u s i v e l y  in p l a s t i d s  ( O h l r o g e  ejt a%. , 1979 ;
K u h n  ejt aj.. , 1981) w h e r e  p y r u v a t e  (or a c e t a t e )  is the l i k e l y
s u b s t r a t e  f o r  t h e  r e a c t i o n .  P y r u v a t e  m a y  be b i o s y n t h e s i z e d  
in the c h l o r o p l a s t  d i r e c t l y  f r o m  f i x e d  CO 2  as p o s t u l a t e d  
a b o ve ;  a l t e r n a t i v e l y  it m a y  be s y n t h e s i z e d  in, or be d e r i v e d  
from, a m e t a b o l i t e  o r i g i n a t i n g  in the c y t o p l a s m .
A l t h o u g h  H M G - C o A  r e d u c t a s e  has be e n  d e m o n s t r a t e d  
in pea p l a s t i d s  ( B r o o k e r  and Ru s s e l l ,  1975), t h e r e  has b e en  
no c l e a r  d e m o n s t r a t i o n  of the s o u r c e  of H M G- C o A ,  thus 
l e u c i n e  r a t h e r  t h a n  a c e t y l  CoA m a y  be a s u b s t r a t e  for
c a r o t e n o g e n e s i s .  Th e p r o d u c t  of H M G - C o A  r e d u c t a s e  a c t i v i t y  
is M V A , and w h i l s t  s e v e r a l  s y s t e m s  h a v e  b e e n  fo u nd  to 
p h o s p h o r y l a te M V A  [e.g. b ea n  c h l o r o p l a s t s  ( C h a r l t o n  .e^ al.. 
1967); w h e a t  e t i o p l a s t s  (Cooke, 1977)], t his  has b een  
c o n s i d e r e d  no t to be u n e q u i v o c a l  e v i d e n c e  for  m e v a l o n a t e
p h o s p h o r y l a t i o n  w i t h i n  the c h l o r o p l a s t  (K reu z and Kl ei ni g,  
1981). U s i n g  a p u r i f i e d  s p i n a c h  c h l o r o p l a s t  p r e p a r a t i o n ,  it 
w a s  r e p o r t e d  t h a t  w h i l s t  r a d i o a c t i t y  f r o m  [14c]IPP w as  
e f f i c i e n t l y  i n c o r p o r a t e d  i n t o  t e r p e n o i d s ,  r a d i o a c t i v i t y  f r o m  
[ ^ ^ C I M V A ,  [ ^ ^ C J M V A P ,  or [ ^ ^ C ] M V A P P  (with a p p r o p r i a t e  
c o f a c t o r s )  w a s  not, e x c e p t  in t he p r e s e n c e  of c y t o p l a s m
( K r e u z  and K l e i n i g ,  1981). T h e s e  a u t h o r s  d e m o n s t r a t e d  th at  
IPP f r e e l y  p e r m e a t e s  t he c h l o r o p l a s t  and p o s t u l a t e d  t ha t  IPP 
s y n t h e s i z e d  in the c y t o p l a s m  w a s  the f u n d a m e n t a l  m e t a b o l i t e  
u s e d  by t he c h l o r o p l a s t  for t e r p e n o i d  b i o s y n t h e s i s .  S i m i l a r
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c o n c l u s i o n s  h a v e  b e e n  d r a w n  fo r a s y s t e m  f r o m  p u r i f i e d
d a f f o d i l  p e t a l  c h r o m o p l a s t s  t h a t  i n c o r p o r a t e s  r a d i o a c t i v i t y  
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f r o m  C C ] I P P  i n t o  p - c a r o t e n e  and o t h e r  t e r p e n o i d s ,  bu t not 
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f r o m  [ C ] m e v a l o n a t e  d e r i v a t i v e s  ( B ey e r ejt jlI. , 1 980; K r e u z
and  K l e i n i g ,  1981). H o w e v e r ,  a s i m i l a r  s y s t e m  f r o m  
c h r o m o p l a s t s  of C a p s i c u m  a n n u u m  f r u i t  has b e e n  r e p o r t e d  to 
i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  [ 2 - ^ ^ C ] M V A  i n t o  c a r o t e n e s  
and, to a l e s s e r  e x t e n t ,  x a n t h o p h y l l s  ( C am a ra  and B r a n g e o n ,
1981). It has a l s o  b e en  c l a i m e d  t h a t  t hi s s y s t e m  w i l l
r e d u c e  H M G - C o A  to M V A  ( C a m a r a  and B r a n g e o n ,  1981).
T h e  d e b a t e  o v e r  the i d e n t i t y  of th e f u n d a m e n t a l
c a r o t e n o g e n i c  p r e c u r s o r  in c h l o r o p l a s t s  m a y  be c o m p l i c a t e d
by t h e r e  b e i n g  tw o p o o l s  of c a r o t e n o g e n i c  e n z y m e s  w i t h i n  the
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c h l o r o p l a s t .  It w a s  fo u n d  th a t  w h e n  [2- C ] a c e t a t e  and
[ 2 - ^ H 2  ] m e v a l o n a t e  w e r e  s i m u l t a n e o u s l y  a p p l i e d  to s i x - d a y
ol d  r a d i s h  s e e d l i n g s ,  t r i t i u m  l a b e l  w a s  i n c o r p o r a t e d  in t o
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a l l  c a r o t e n o i d s ,  w h i l s t  [ C - l a b e l  w as  i n c o r p o r a t e d  i nt o  
l y c o p e n e  and p - c a r o t e n e ,  b ut not  i n t o  o c - c a r o t e n e  or
x a n t h o p h y l l s  ( G r u m b a c h  and Bach, 1979). T he  a u t h o r s  
p r o p o s e d  t h a t  the c h l o r o p l a s t  c o n t a i n e d  one  p o o l  of
c a r o t e n o g e n i c  e n z y m e s  s p e c i f i c  for p - c a r o t e n e  s y n t h e s i s  and 
a n o t h e r  s p e c i f i c  for O d- car ot ene  and x a n t h o p h y l l  s y n t h e s e s .
14
W h i l s t  r a d i o a c t i v i t y  f r o m  [ C ] I P P  has b ee n  
r e p o r t e d  to be i n c o r p o r a t e d  i n t o  v a r i o u s  t e r p e n o i d s  by 
i s o l a t e d  s p i n a c h  c h l o r o p l a s t s  (K re u z  and K l e i n i g ,  1981), 
i n c o r p o r a t i o n  i n t o  c a r o t e n o i d s  w a s  not d e t e c t e d .  D a f f o d i l
c h r o m o p l a s t  s t r o m a  ( p o s s e s s i n g  I P P : p h y t o e n e  s y n t h e t a s e
a c t i v i t y )  c o - i n c u b a t e d  w i t h  a s p i n a c h  c h l o r o p l a s t  t h y l a k o i d
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p r e p a r a t i o n ,  w a s  f o u n d  to i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  
14-
[ C ] I P P  i n t o  c h l o r o p h y l l  q q  r a t h e r  t h a n  p h y t o e n e .  Th is
w a s  i n t e r p r e t e d  as s t r o n g  c h a n n e l l i n g  of i s o p r e n o i d
p y r o p h o s p h a t e s  by s p i n a c h  c h l o r o p l a s t s  i n t o  c h l o r o p h y l l
s y n t h e s i s  ( L u t k e - B r  i n k h a u s  ejb aJL. , 1982 ). H o w e v e r ,
d a f f o d i l  c h r o m o p l a s t  s t r o m a  c o - i n c u b a t e d  w i t h  a s p i n a c h
c h l o r o p l a s t  e n v e l o p e  p r e p a r a t i o n  i n c o r p o r a t e d  r a d i o a c t i v i t y  
14
f r o m  C C l I P P  i n t o  p h y t o e n e ,  p h y t o f l u e n e ,  l y c o p e n e  and
t e t r a d e h y d r o l y c o p e n e . It w a s  a l s o  f o u n d  t h a t the s p i n a c h
c h l o r o p l a s t  e n v e l o p e  i n c o r p o r a t e d  r a d i o a c t i v i t y  f r o m  
14
Cl- C 3 G G P P  i n t o  p h y t o e n e ,  l y c o p e n e  and t e t r a d e h y d r o l y c o p e n e  and 
w a s  t hu s  c o n c l u d e d  t h a t  the c h l o r o p l a s t  e n v e l o p e  m e m b r a n e  
c o n t a i n e d  not o n l y  th e b o u n d  c a r o t e n o i d  d e s a t u r a t i o n  
e n z y m e s ,  but a m e m b r a n e  b o u n d  p h y t o e n e  s y n t h e t a s e  (Lutke -  
B r i n k h a u s  ejt aJ.. , 1 982 ). The  f a i l u r e  to d e t e c t  l y c o p e n e
c y c l a s e  a c t i v i t y  c o u l d  not be e x p l a i n e d .
D a f f o d i l  c h r o m o p l a s t  h o m o g e n a t e s  e f f i c i e n t l y  
i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  ^ C ] IPP i n t o  c a r o t e n o i d s  and 
o t h e r  t e r p e n o i d s  ( K r e u z  and K l e i n i g ,  1981). F u r t h e r  i n v e s t ­
i g a t i o n s ,  s i m i l a r  to t h o s e  above,  h a v e  d e m o n s t r a t e d  t h at
w h i l s t  t he  p h y t o e n e  d e s a t u r a t i o n  e n z y m e s  are t i g h t l y  
m e m b r a n e  b o u n d,  t he  p h y t o e n e  s y n t h e t a s e  is p r o b a b l y  o n l y  
l o o s e l y  b o u n d  to the m e m b r a n e  ( Kre uz e_t aJL. , 1 982 ).
A l t h o u g h  p h y t o e n e  s y n t h e t a s e  a c t i v i t y  is fo u n d  in the
s o l u b l e  f r a c t i o n ,  its a c t i v i t y  has b ee n  sh o wn  to i n c r e a s e  
on a d d i t i o n  of p r o t e i n - f r e e  l i p o s o m e s  (K r eu z  e i  al..
1982).
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T he  c a r o t e n o g e n i c  e n z y m e s  a p p e a r  to be s i m i l a r l y  
o r g a n i s e d  in C.a n n u u m  f r u i t  c h r o m o p l a s t s .  I s o l a t e d  
c h r o m o p l a s t s  f r o m  C .a n n u u m  i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  
[ ^ ^ C ] I P P  i n t o  p h y t o e n e ,  p - c a r o t e n e  and o t h e r  c a r o t e n o i d s  as do 
r e c o m b i n e d  c h r o m o p l a s t  s t r o m a  and m e m b r a n e  p r e p a r a t i o n s  and, 
to a l e s s e r  e x t e n t ,  c h r o m o p l a s t  m e m b r a n e  p r e p a r a t i o n s  a l o n e  
( C a m a r a  a % . , 1982). H o w e v e r ,  p r e p a r a t i o n s  of C .a n n u u m
c h r o m o p l a s t  s t r o m a  i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  C ^ ^ C ] I P P  
no f u r t h e r  t h a n  p h y t o e n e ;  thu s c h r o m o p l a s t s  of C .a n n u u m  
a p p e a r  a l s o  to h a v e  l o o s e l y  b o u n d  p e r i p h e r a l  p h y t o e n e
s y n t h e t a s e ,  bu t t i g h t l y  m e m b r a n e  b o u n d  d e s a t u r a t i n g  and 
c y c l i s i n g  e n z y m e s  ( C a m a r a  .e^ a_l. , 1 982 ).
C e l l  f r e e  p r e p a r a t i o n s  f r o m  the f un gu s, N . c r a s s a
h a v e  s h o w n  t h a t  i n c o r p o r a t i o n  of r a d i o a c t i v i t y  i n t o  p h y t o e n e
U  14
f r o m  e i t h e r  [2- C 3 M V A  or [1- C I I P P  ne e d s  b o t h  a s o l u b l e
an d a p a r t i c u l a t e  f r a c t i o n  (M i t z k a - S c h n a b e l  and Rau, 1981;
S p u r g e o n  e_t a_l. , 1 979 ), t h e r e b y  s u g g e s t i n g  t h a t  p h y t o e n e
s y n t h e t a s e  is m e m b r a n e  b ou nd . Th e p h y t o e n e  s y n t h e t a s e
a c t i v i t y  in c e l l  f r e e  e x t r a c t s  of P . b l a k e s l e e a n u s  is o n l y
partially precipitated at a centrifugal force of 105,000xg:
w h e r e a s  d e s a t u r a s e  and c y c l a s e  a c t i v i t i e s  are  f u l l y
p r e c i p i t a t e d ,  th i s s u g g e s t s  t h a t  p h y t o e n e  s y n t h e t a s e  m a y  be
a l o o s e l y  b o u n d  p e r i p h e r a l  p r o t e i n  ( B ra mle y,  p e r s o n a l
c o m m u n i c a t i o n ) .
It has b e e n  o b s e r v e d  t h a t  t h r o u g h o u t  g r o w t h  th e  
c o n c e n t r a t i o n  of p - c a r o t e n e  in c e l l  v a c u o l e s  of 
P . b l a k e s l e e a n u s  (Cl 15) r e m a i n e d  c o n s t a n t ,  w h e r e a s  the 
c o n c e n t r a t i o n  in t h e  l i p i d  g l o b u l e s  increased ( R i le y and
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B r a m l e y ,  1982). T h e  s a m e  a u t h o r s  d e m o n s t r a t e d  t h a t  the r a t e  
of i n c o r p o r a t i o n  of r a d i o a c t i v i t y  f r o m  [ 2 - ^ ^ C ] M V A  i n to  
t e r p e n o i d s  in b o t h  v a c u o l e s  and l i p i d  g l o b u l e s  w a s  l i n e a r  
t h r o u g h o u t  t he  5 h t e s t  p e ri od .  The l i p i d  g l o b u l e s  w e r e  
s u g g e s t e d  to be e i t h e r  the site of p - c a r o t e n e  b i o s y n t h e s i s  
or the  p r i m a r y  a c c u m u l a t i o n  sit e a f t e r  s y n t h e s i s  p r i o r  to 
Conv<?r'sion i n t o  r e t i n o l  or t r i s p o r i c  a ci d in o t h e r
c o m p a r t m e n t s  ( R i l e y  and B r a m l e y ,  1982). L i p i d  g l o b u l e s  
h a v e  a l s o  b e e n  c o n s i d e r e d  as the c a r o t e n o g e n i c  s i te  in 
M u c o r  h i e m a l i s  (He r b er ,  1974) and P e r i d i n i u m  f o l i a c e u m  
( W i t h e r s  and Haxo, 1978).
1:4 I N H I B I T O R S  OF C A R O T E N O G E N E S I S
1:4:1 S U B S T I T U T E D  2 - P H E N Y L P Y R I D A Z I  N O N E S
It w a s  s h o w n  t h a t  SAN 670 6 (IGOpM) i n h i b i t s  
c a r o t e n e  b i o s y n t h e s i s  in w h e a t  s e e d l i n g s  c a u s i n g  the p h o t o ­
d e s t r u c t i o n  of 7 0 ^  r i b o s o m e s  and c h l o r o p h y l l  in b r i g h t  l i g h t  
( B a r t e l s  and Hyde, 1970). F u r t h e r  e x p e r i m e n t s  d e m o n s t r a t e d  
t h a t  S AN 67 0 6  i n h i b i t s  c a r o t e n e  d e s a t u r a t i o n  su ch  th at  
p h y t o e n e  and p h y t o f l u e n e  a c c u m u l a t e  in p l a c e  of c o l o u r e d  
c a r o t e n o i d s ;  th e b i o s y n t h e s i s  of o t h e r  t e r p e n o i d s  w a s  not 
a f f e c t e d  ( B a r t e l s  and M c C u l l o u g h ,  1972).
Thi s h e r b i c i d e  w a s  th en sh o wn  to i n h i b i t  
c a r o t e n o i d  d e s a t u r a t i o n  in a l g a e  (C h l o r e l l a  f u s c a ; K u m m e l  
a nd  G r i m m e ,  1 975 ) and in b a c t e r i a  (M v c o b a  c t e r i u m  sp.; 
K l e i n i g , 1 9 7 4 ).
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T A B L E  1:4 T R I V I A L  A N D  S Y S T E M A T I C  N A M E S  OF I N H I B I T O R S  
A N D  H E R B I C I D E S
A c r i d i n e  O r a n g e  
A m i t r o l e  
BAS 44 521
C P T A
D i c h l o r m a te 
D i f u n o n e
E M D - I T  5914 
F l u r i d o n e
H a l o x y d i n e
J - 3 3 4
J - 7 3 9  
J- 77  1 
J - 8 5 2
M e t f l u r a z o n
M e t h y l e n e  B l u e  
N e u t r a l  Red 
N K - 0 4 9  
N o r f l u r a z o n
P y r i c l o r  
SA N 67 08  
S AN 9789  
T o l u i d e n e  B lu e
3,6 - Bis ( d i m e t h y l a m i n o ) - a c r i d i n e .
3 - a m i n o - 1 , 2 ,4 - t r i a z o l e .
4 - c h l o r o - 5 - m e t h o x y - 2 - ( 3-t r i f l u o r o m e t h y l -  
p h e n y l ) -  p ^ r i d a z i n - 3 ( 2 H )- o n e .
2 - ( 4 - c h l o r o p h e n y l t h i o ) - t r i e t h y l a m m o n i u m  
c h l o r i d e .
3 , 4 - d i c h l o r o b e n z y l - N - m e t h y l - c a r b a m a t e .
5 - d i m e t h y l a m i n o - m e t h y l e n e - 2 - 0 X 0 - 4 -  
p h e n y l - 2 , 5 - d i h y d r o f u r a n e - c a r b o n i t r i l e - (3).
See D i f u n o n e .
1 - m e t h y l - 3 - p h e n y l - 5 - ( 3 - t r i f l u o r o m e t hyl- 
p h e n y l ) - 4  (1H )-p y r i d i n e .
3,5 , - d i c h l o r o - 2 ,6 - d i f l u o r o - 4 -  
h y d r o x y p y r i d i n e .
2 - p r o p y l - 5 - ( 2 - c h l o r o ) - b e n z y l - 6 - m e t h y l -  
p y r i m i d i n e .
2 - m e t h y l - 5 - b e n z y l - 6 - m e t h y l - p y r i m i d i n e .  
2 - f l u o r o - 3 , 5 , 6 - t r i b r o m o - 4 - h y d r o x y p y r i d i n e .
2 - i s o p r o p y l a m i n o - 5 - i s o b u t o x y - 6 -  
m e t h y l p y r i m i d i n e .
4 - c h l o r o - 5 - d i m e t h y l a m i n o - 2-
(3- t r i f l u o r o m e t h y l - p h e n y l ) - p y r i d a z i n -  
3 ( 2H ) - o n e .
3 , 7 - B i s ( d i m e t h y l a m i n o ) - p h e n a z a t h i a z i n e .
3 - a m i n o - 7 - d i m e t h y l a m i n o - 2 - m e t h y l p h e n a z i n e . 
3 , 3 ' - d i m e t h y l - 4 - m e t h o x y b e n z o p h e n o n e .
4 - c h l o r o - 5 - m e t h y l a m i n o - 2 -(3 - t r i f l u o r o m e t h y l  
p h e n y l )- p y r i d a z i n - 3 ( 2 H )- o n e .
2 , 3 , 5 , - t r i c h l o r o - 4 - h y d r o x y p y r i d i n e .
See M e t f l u r a z o n .
See N o r f l u r a z o n .
3 - a m i n o - 7 - d i m e t h y l a m i n o - 2 - 
m e t h y l p h e n a z a t h i a z i n e .
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The  g r e e n  a lg a  A n k i s t r o d e s m u s  b r a u n i i  has be e n  
u s e d  to t e s t  the  e f f e c t  of o t h e r  s u b s t i t u t e d  2 - p h e n y l  
py r i d a z i n o n e s  on c a r o t e n e  b i o s y n t h e s i s  (U r b a c h  e_t a l .. 
1976). W h e n  g r o w n  for 5-7 d a y s  in the p r e s e n c e  of a 
p h e n y l p y r i d a z i n o n e  (1pM), t ha t  c o n t a i n e d  th e 2- ( 3 -  
t r i f l u o r o m e t h y l )- p h e n y l  s u b s t i t u t i o n  t o g e t h e r  w i t h  e i t h e r  a
5 - m e t h o x y  (BASF 4 45 2 1 )  or a 5 - m e t h y l a t e d  a m i n e  (SAN 6706, 
S AN  97 89) s u b s t i t u t i o n  (Fig. 1:4:1), p h y t o e n e  and 
p h y t o f l u e n e  a c c u m u l a t e d  at the e x p e n s e  of th e  c o l o u r e d  
c a r o t e n o i d s .  S u b s t i t u t e d  p h e n y l  p y r i d a z i n o n e s  t h a t l a c k e d  
e i t h e r  t h e  3 - C F 3  or the  a b o v e  s u b s t i t u t i o n s  at p o s i t i o n  - 5  
had no e f f e c t  on c a r o t e n o g e n e s i s .  The h e r b i c i d e  SAN 9789 
had a l s o  b e e n  r e p o r t e d  to h a v e  a s i m i l a r  e f f e c t  on w h e a t  
s e e d l i n g s  as SAN 6 7 05  C E . K o r e n  1971, u n p u b l i s h e d  da t a c it e d  
in B e n - A z i z  and K o r e n , 1 974 ]. F u r t h e r  s t u d i e s  by B a r t e l s
an d W a t s o n  (1978) on w h e a t  s e e d l i n g s  s h o w e d  t hat  l i k e  
S AN 6706, n o r f l u r a z o n  (SAN 9789) c a u s e d  the a c c u m u l a t i o n  of 
p h y t o e n e  and p h y t o f l u e n e  at th e e x p e n s e  of c o l o u r e d  
c a r o t e n o i d  f o r m a t i o n  and c a u s e d  the d e s t r u c t i o n  of 
c h l o r o p h y l l  and r i b o s o m e s  (70S.) in li gh t .
In th e a b o v e  e x p e r i m e n t s ,  w h e a t  (and the g r e e n  
alga ) w a s  in t h e  p r e s e n c e  of h e r b i c i d e  f r o m  the b e g i n n i n g  of 
c u l t i v a t i o n .  H o w e v e r ,  w h e n  SAN  6 70 6 (100 p M ) uuas a d d e d  to 
f i v e - a n d - a - h a l f  d a y  old w h e a t  s e e d l i n g s  ( gro wn in the d ark )  
1 2 h b e f o r e  b e i n g  " g r e e n e d " in l i g h t  ( 2400 Ix) , t hi s
h e r b i c i d e  had a d i f f e r e n t i a l  e f f e c t  on p - c a r o t e n e  and 
x a n t h o p h y l l  s y n t h e s i s  ( R i d l e y  and R idl ey , 1979). T h e s e
l2G*
r e s u l t s  s h o w ^ t h a t  w h i l s t  p - c a r o t e n e  s y n t h e s i s  w a s  i n h i b i t e d  
a l m o s t  i n s t a n t a n e o u s l y ,  the r a t e  of x a n t h o p h y l l  s y n t h e s i s
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FIG. 1:4:1 THE PHENYLPYRIDAZINONE HRRBTnj d e S
SAN 6706
(Metflurazon)
C R
NHCH
N  =
SAH 9789
(Norflurazon)
CR
OCH BAS 44 521
Please see Table 1:4 for systematic names.
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w a s  not a f f e c t e d  u n t i l  8 h a f t e r  g r e e n i n g .  T h e  p h y t o e n e
c o n t e n t  of t r e a t e d  s e e d l i n g s  w a s  h i g h  but c o n s t a n t  for t h e s e  
8 h, a f t e r  w h i c h  th e a m o u n t  i n c r e a s e d ,  w h i l s t  p h y t o f l u e n e  
a p p e a r e d  to a c c u m u l a t e  at a s t e a d y  r a t e  t h r o u g h o u t  the
g r e e n i n g  p e r i o d  in SAN 6706 t r e a t e d  s e e d l i n g s .  No
a c c u m u l a t i o n  of p h y t o e n e  or p h y t o f l u e n e  w a s  r e p o r t e d  to be 
f o u n d  in u n t r e a t e d  s e e d l i n g s .  The e v o l u t i o n  of
p h o t o s y n t h e t i c  o x y g e n  w as  a l s o  m o n i t o r e d  t h r o u g h o u t  g r e e n i n g  
in b o t h  c o n t r o l  and SAN 6706 t r e a t e d  s am p l e s ;  no d i f f e r e n c e  
w a s  f o u n d  s a v e  for a 5 h lag p h a s e  in t r e a t e d  s e e d l i n g s .
R i d l e y  and R i d l e y  a r g u e d  th at  s i n c e  SA N 6706 has 
an I of a g a i n s t  p h o t o s y n t h e t i c  o x y g e n  e v o l u t i o n
( H i l t o n  e_t a_l. , 1 969 ) and 100 pM did not i m p a i r  this
e v o l u t i o n ,  SAN 670 6 c o u l d  not h a ve  e n t e r e d  the c h l o r o p l a s t .  
T he  i n h i b i t i o n  of c a r o t e n e  and x a n t h o p h y l l  f o r m a t i o n  w as  
e f f e c t e d  f r o m  t he c y t o p l a s m  as n e w  e n z y m e s  w e r e  s y n t h e s i z e d .  
R e s u l t s  f r o m  e x p e r i m e n t s  u s i n g  r a d i o a c t i v e  t e r p e n o i d  
p r e c u r s o r s  s u g g e s t  th e p r e s e n c e  of two  sets of c a r o t e n o g e n i c  
e n z y m e s ,  on e s p e c i f i c  for the f o r m a t i o n  of p - c a r o t e n e ,  the 
o t h e r  for  t he  f o r m a t i o n  of x a n t h o p h y l l s ,  [ G r u m b a c h  and 
Bach, 1979; G r u m b a c h ,  1979]. T hu s R i d l e y  and R i d l e y  
s u g g e s t e d  t h a t  i l l u m i n a t i o n  i n d u c e s  the n o v o  s y n t h e s i s  of 
p - c a r o t e n e  s p e c i f i c  s y n t h e t a s e s  in the c y t o p l a s m  t ha t are 
a f f e c t e d  by SAN 6706, w h i l s t  x a n t h o p h y l l  s p e c i f i c  
s y n t h e t a s e s ,  a l r e a d y  p r e s e n t  in th e c h l o r o p l a s t ,  are not 
a f f e c t e d  by SAN 67 06 u n t i l  n e w  x a n t h o p h y l l  s y n t h e t a s e s  are 
p r o d u c e d  t h r o u g h  e n z y m e  t u r n o v e r .  The p r e s e n c e  of p h y t o e n e  
and p h y t o f l u e n e  in h e r b i c i d e  t r e a t e d  p l a n t s  s u g g e s t s  t h a t
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S AN  6706 i n t e r f e r e s  w i t h  t h e p r o p e r  f u n c t i o n i n g  of the
p h y t o e n e  d e s a t u r a t i n g  e n z y m e s .  This h y p o t h e s i s  is s u p p o r t e d  
by e x p e r i m e n t s  t h a t  s h o w  t h a t  i n h i b i t i o n  of c y t o p l a s m i c
p r o t e i n  s y n t h e s i s  d e s t r o y s  the b l e a c h i n g  a c t i v i t y  of SAN 
67 06 ( G r u m b a c h  and D r o l l i n g e r ,  1980).
I n h i b i t i o n  of c a r o t e n o g e n e s i s  is n ot t he o n l y  
a c t i v i t y  a s s o c i a t e d  w i t h  t h e s e  h e r b i c i d e s .  P h e n y l p y r i d a z -  
i n o n e s  h a v e  b e e n  s h o w n  to i n h i b i t  p h o t o s y n t h e t i c  e l e c t r o n  
t r a n s p o r t  in i s o l a t e d  c h l o r o p l a s t s  f r o m  b a r l e y  ( H il t o n  
et a 1.. 1969) and p ea s (R idley, 1982), w h e r e  t he  si te  of
i n h i b i t i o n  is p r o b a b l y  c l o s e  to t h a t  of D CMU  ( T i s c h e r  and 
S t r o t m a n n ,  1977). Also, c e r t a i n  s u b s t i t u t e d  p h e n y I p y r i d a z -  
i n o n e s  a l t e r  t he  f a t t y  a cid  c o m p o s i t i o n  of l i p i d s  (St. J oh n
and H i l t o n ,  1976). It has b e e n  s h o w n  that, w h i l s t  S AN  9789
is a p o o r  i n h i b i t o r  of p h o t o s y n t h e t i c  e l e c t r o n  t r a n s p o r t  
(1^0 of 33pM) and d o e s  not h a v e  any e f f e c t  on f a t t y  ac id  
s y n t h e s i s  in t he da rk , SAN 6 706  is a r e l a t i v e l y  p o t e n t  
e l e c t r o n  t r a n s p o r t  i n h i b i t o r  ( I5 0  4pM; H i l t o n  ejt al.. 
1969) and a f f e c t s  f a t t y  a c id  s y n t h e s i s  in the d a r k  (St. J oh n  
and H i l t o n ,  1 976 ). It~^h^s a l s o  b e e n  r e p o r t e d  t h a t  S AN  6706 
p r e v e n t s  g r a n a  s t a c k i n g  in w h e a t  g r o w n  in d i m  l i g h t  ( Ba r t e l s  
and H y d e , 1970).
T he  e x a c t  i n t e r a c t i o n  b e t w e e n  b l e a c h i n g  p h e n y l p y r -  
i d a z i n o n e s  and the m e c h a n i s m s  for c a r o t e n o i d  b i o s y n t h e s i s  
is s t i l l  not kn ow n . It is, h o w e v e r ,  g e n e r a l l y  a g r e e d  t h a t  a 
c a r o t e n o g e n i c  c e l l  f r e e  s y s t e m  f r o m  a h i g h e r  p l a n t  w o u l d  be <51 
m o s t  u s e f u l  m o d e l  s y s t e m  in th is  r e s p e c t .  (B ri tt o n,  1979; 
R i d l e y , 1982).
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1:4:2 DIFUNONE
C u l t u r e s  of br a u n i i . w h e n  g r o w n  in t he  p r e s e n c e
of d i f u n o n e  (IpM) w h e r e  f o u n d  to a c c u m u l a t e  p h y t o e n e  and
un -
p h y t o f l u e n e  in p l a c e  of m o r  e |^ s a t ur a t ed c a r o t e n o i d s  ( U r b a c h  
ejt , 1 976 ). A l t h o u g h  s t r u c t u r a l l y  v e r y  d i f f e r e n t
(Fig. 1. 4. 2) ,  the a c t i o n  of d i f u n o n e  on A .bra un ii  w a s  
s i m i l a r  to t h at  of th e b l e a c h i n g  p h e n y l p y r i d a z i n o n e s , 
SAN  6706, SA N 97 89  and BA SF 4 452 1.
A l t h o u g h  d i f u n o n e  w a s  r e p o r t e d  to be an i n h i b i t o r  
of p o r p h o b i l i n o g e n a se ( H a m p p  e_t a_l. , 1 975 ), s t u d i e s  w i t h
S c e n e d e s m u s  s h o w e d  t h a t  w h i l s t  O.ljuM d i f u n o n e  di d not a f f e c t  
p o r p h o b i l i n o g e n a se a c t i v i t y ,  t he  oC - c a r o t e n e  c o n t e n t  w a s  
o n l y  3 0% of c o n t r o l .  It w a s  s u g g e s t e d  t h a t  loss of
c h l o r o p h y l l  w a s  a c o n s e q u e n c e  of l o s s  of p h o t o p r o t e c t i o n  
r a t h e r  t h a n  i m p a i r e d  p o r p h o b i l i n o g e n a se a c t i v i t y  ( K u n e r t  and 
B o g e r , 19 7 8 ).
It has a l s o  b ee n  r e p o r t e d  t h a t  d i f u n o n e  c a u s e s
p h y t o e n e  (and a l i t t l e  p h y t o f l u e n e )  to a c c u m u l a t e  in p l a c e
of c o l o u r e d  c a r o t e n o i d s  in b a r l e y  s e e d l i n g s  g r o w n  in d i m  
l i g h t  (Rid le y, 1 982 ) and r e d u c e s  the p - c a r o t e n e  c o n t e n t  of 
c u l t u r e s  of P . b l a k e s l e e a n u s  ( S a n d m a n n  ejt a_l. , 1 979 ).
1 :4: 3 F L U R I D O N E
Th is  h e r b i c i d e  w as  f o u n d  to h a v e a s i m i l a r  e f f e c t  
on w h e a t  s e e d l i n g s  to SAN 97 89 and SA N 6706 ( B a r t e l s  and
W a t s o n ,  1978). W h e a t  s e e d l i n g s  g r o w n  in t he p r e s e n c e  of
f l u r i d o n e  (lOOpM) in th e  dark, l a c k e d  c o l o u r e d  c a r o t e n o i d s
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FIG. 1:4:2 STRUCTURES OF VARIOUS BLEACHING HERBICIDES - I
ON
OH
NON
OH
Difunone (EMD-IT 5914)
O R
OH Fluridone
CO.O^Hg
C O . C 4 H 9
Di-n-Butyl Phthalate (DBF)
NH
N ^ N
NHo
Amitrole
Please see Table 1:4 for systematic naming,
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and a c c u m u l a t e d  p h y t o e n e  and p h y t o f l u e n e .  Th e  c h l o r o p h y l l
and r i b o s o m e s  (70^) w e r e  d e s t r o y e d  o n l y  in f l u r i d o n e  t r e a t e d  
p l a n t s  e x p o s e d  to b r i g h t  light.
F l u r i d o n e  — t r e a t e d  b a r l e y  s e e d l i n g s  a c c u m u l a t e d
t r a c e s  of ^ - c a r o t e n e  in a d d i t i o n  to p h y t o e n e  and
p h y t o f l u e n e  w i t h  an I5 0  v a l u e  of 0.8|jM a g a i n s t  l i g h t - i n d u c e d  
p - c a r o t e n e  s y n t h e s i s  (Rid ley , 1982).
F l u r i d o n e  (Fig. 1:4:2) is s t r u c t u r a l l y  s i m i l a r  to 
th e b l e a c h i n g  p h e n y l  p y r i d a z i n o n e s  (Fig. 1:4:2) as b o t h  
c o n t a i n  a 3 - t r i f l u o r o m e t h y l - p h e n y l  g r o u p  t h a t  is e s s e n t i a l  
for b l e a c h i n g  a c t i v i t y  ( U r b a c h  e_t a_l. , 1 976 ; R id l e y ,  1982 ).
H o w e v e r ,  f l u r i d o n e  d o e s  not i n h i b i t  p h o t o s y n t h e t i c  e l e c t r o n  
t r a n s p o r t  in i s o l a t e d  c h l o r o p l a s t s .
1:4:4 A M I T R O L E
W h e a t  s e e d l i n g s ,  g r o w n  in th e d a r k  (six da ys ),  in
t he  p r e s e n c e  of lOOjuM a m i t r o l e  (Fig. 1:4:2) h a v e  a r e d u c e d
x a n t h o p h y l l  c o n t e n t  (Burns  et. .al,, 1971) and p h y t o e n e ,
p h y t o f l u e n e  and ^  - c a r o t e n e  a c c u m u l a t e d  u n d e r  t h e s e
c o n d i t i o n s .  T he  c h l o r o p h y l l  in t r e a t e d  s e e d l i n g s  w a s  f ou n d  
to be s e n s i t i v e  to b r i g h t  l i gh t ,  a l t h o u g h  a m i t r o l e  did not 
i n h i b i t  th e s y n t h e s i s  of p r o t o c h l o r o p h y H i d e  or 
c h l o r p h y l l i d e .
H o w e v e r ,  l y c o p e n e  has b e e n  r e p o r t e d  to a c c u m u l a t e  
in a m i t r o l e — t r e a t e d  m a i z e  ( G u i l l o t  - S a l o m o n  e_t a_l. , 1 987 ),
r a d i s h  s e e d l i n g s  ( G r u m b a c h ,  1981) and e v e n w h e a t  s e e d l i n g s
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( R u d i g e r  eJb al,. , 1 976 ). R u d i g e r  and B e n z  ( 1 979 ) h a v e  s i n c e
s u g g e s t e d  t h a t  a m i t r o l e  r e d u c e s  th e  c h l o r o p h y l l  c o n t e n t  
t h r o u g h  i n t e r f e r e n c e  w i t h  p h y t o l  b i o s y n t h e s i s .
1: 4 : 5  4 - H Y D R O X Y P Y R I D I NES
P y r i c l o r - t r e a t e d  w h e a t  s e e d l i n g s  g r o w n  in the d a r k  
a c c u m u l a t e  p h y t o e n e ,  p h y t o f l u e n e  and - c a r o t e n e  w i t h  
c o n c u r r e n t  l o s s  of x a n t h o p h y l l s  and n o r m a l  c a r o t e n e s ;  l o s s  
of c h l o r o p h y l l  in d i m  l i g h t  is s i m i l a r  to t h a t  in am it ro le-  
t r e a t e d  p l a n t s  (B u rn s  ejt aj,. , 1971).
T w o  o t h e r  4 - h y d r o x y p y r i d i n e s  ( h a l o x y d i n e ,  J771; 
Fig. 1 :4 : 3) )  w e r e  f o u n d  to i n h i b i t  c a r o t e n e  b i o s y n t h e s i s  in 
o at  s e e d l i n g s  (R id le y, 1982) w h e r e  h a l o x y d i n e  w a s  f o u n d  to 
be the m o r e  p o t e n t ,  s e v e r e l y  i n h i b i t i n g  b o t h  x a n t h o p h y l l  and 
OC - ,^ |3 - c a r o t e n e  s y n t h e s e s .  H a l o x y d i n e  t r e a t m e n t  c a u s e s
c o n s i d e r a b l e  p h y t o e n e  a c c u m u l a t i o n  w h i l s t  t h a t  w i t h  3771 is 
m o d e s t  : p h y t o f l u e n e  and - c a r o t e n e  w e r e  r e p o r t e d  to
a c c u m u l a t e  w i t h  b o t h  h e r b i c i d e s .  B ot h of t h e s e  4-
h y d r o x y p y r i d i n e s  i n h i b i t  p h o t o s y n t h e s i c  e l e c t r o n  t r a n s p o r t  
in i s o l a t e d  pea c h l o r o p l a s t s ,  w h e r e  3771 is f o u n d  to be 
p o t e n t  (I 50 0 . 1 5 p M ) .  H o w e v e r ,  th e e f f e c t  of 3771 in
v i v o  is of a w e a k  c a r o t e n o g e n i c  i n h i b i t o r  r a t h e r  t h a n  a 
p o t e n t  e l e c t r o n  t r a n s p o r t  i n h i b i t o r  and so it has b ee n  
s u g g e s t e d  t h a t  3771 d o e s  not a f f e c t  c a r o t e n o g e n e s i s  f r o m  
w i t h i n  t he c h l o r o p l a s t  ( Ri dle y, 1982). *
72
fJG. 1:4:3 STRUCTURES OF VARIOUS BLEACHING HERBICIDES - 2
OH
Pyriclor
OH
Haloxydine
OH
J-771
0 1
c , ^
Diehlormate
OH2OCO. NHCHo . OH' pCHgCHCCHO
Z ' 2
N ^ N
NH0H(CH3)2
J-852
O H OCH
OH
J-739
OH
O3H7
Jr334
Please see Table 1:4 for systematic names.
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1: 4:6  D I C H L O R M A T E  A N D  6 - M E T H Y L  P Y R I M I D I N E S
W h e a t  s e e d l i n g s  g r o w n  in the  d a r k  in t h e  p r e s e n c e  
of 5 0 0 |jM d i c h l o r m a t e  w e r e  f o u n d  to h a v e  a r e d u c e d
x a n t h o p h y l l  c o n t e n t ,  an e x t r a o r d i n a r i l y  hi g h c o n t e n t  of
p a r t i a l l y  d e s a t u r a t e d  c a r o t e n e  i n t e r m e d i a t e s  and r e l a t i v e l y  
l i t t l e  p h y t o e n e  ( Bur ns  ejt .aJL. , 1971). As t r e a t e d  s e e d l i n g s
g r o w n  in d i m  l i g h t  c o n t a i n e d  s u b s t a n t i a l  a m o u n t s  of 
c h l o r o p h y l l ,  it a p p e a r e d  t h a t  so me  p - c a r o t e n e  w a s  b e i n g  
s y n t h e s i z e d .  E t i o l a t e d  b a r l e y  s p r a y e d  w i t h  l O O p M
d i c h l o r m a t e  b e f o r e  b e i n g  'gree ned  ,* w a s  f o u n d  to
a c c u m u l a t e  e q u a l  a m o u n t s  of p- and - c a r o t e n e s  w h e r e
p - c a r o t e n e  w a s  7 8 % of t he  c o n t r o l  (R idley, 1982).
C e r t a i n  6 - m e t h y l  p y r i m i d i n e s  (J739, J 8 52  and J334;
Fig. 1 : 4 : 3 )  w e r e  f o u n d  to h a v e  a s i m i l a r  e f f e c t  on e t i o l a t e d  
b a r l e y  as d i c h l o r m a t e  (R id le y, 1982). T h e s e  6 - m e t h y l
p y r i m i d i n e s  c a u s e d  ^ - c a r o t e n e  to a c c u m u l a t e  r a t h e r  th an  
p h y t o e n e  and p h y t o f l u e n e ,  a l t h o u g h  t h e s e  t o o  w e r e
a c c u m u l a t e d  in l e s s e r  a m o u n t s .  E t i o l a t e d  b a r l e y  s p r a y e d  
w i t h  a m i x t u r e  of f l u r i d o n e  and J3 34  a c c u m u l a t e d  m o r e  
p h y t o e n e  and p h y t o f l u e n e  t h a n  b a r l e y  s p r a y e d  w i t h  e i t h e r
J3 34 or f l u r i d o n e  al on e, l ess  ^  - c a r o t e n e  t h a n  b a r l e y
s p r a y e d  w i t h  3334 but m o r e  t h a n  t h a t  s p r a y e d  w i t h  f l u r i d o n e  
(R idl ey , 1982). Thi s w a s  i n t e r p r e t e d  as e v i d e n c e  th a t  b o t h  
f l u r i d o n e  and J334 act d i r e c t l y  on t he  d e s a t u r a t i o n  e n z y m e s .
1 :4: 7 D I P H E N Y L  I N H I B I T O R S  OF C A R O T E N O G E N E S I S
O v e r  30 y e a r s  ago d i p h e n y l a m i n e  (DPA) w a s  f o u n d  to 
i n h i b i t  c a r o t e n o g e n e s i s  in P . b l a k e s l e e a n u s  ( C a r t o n  e_t a 1. .
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FIG. 1*4:4. DIPHENYL INHIBITORS OF CAROTENOGENESIS
DIPHENYLAMINE
BENZOPHENONE
* NK-049
OCH 4-METHOXYBIPHENYL
* See Table 1:4 for systematic name
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1951). S i n c e  t h a t  time, DPA  has b e e n  r e p o r t e d  to i n h i b i t
c a r o t e n o g e n e s i s  in m a n y  o t h e r  s p e c i e s  of fungi, 
p h o t o s y n t h e t i c  and n o n - p h o t o s y n t h e t i c  b a c t e r i a  (G o o dw i n ,  
1980 for r e v i e w )  and r e c e n t l y  in an al ga  ( S a n d m a n n
and B og er,  1983). D i p h e n y l a m i n e  a p p e a r s  to i n h i b i t
p h y t o e n e  d e s a t u r a t i o n  s u ch  t h a t  p h y t o e n e  and, to a l e s s e r  
e x t e n t  p h y t o f l u e n e  and - c a r o t e n e , a c c u m u l a t e  in p l a c e  of 
p - c a r o t e n e  or o t h e r  h i g h l y  d e s a t u r a t e d  c a r o t e n o i d s .  A f t e r  
c o m p a r i n g  t he e f f e c t  t h a t  d i p h e n y l a m i n e  and v a r i o u s  o t h e r
c o m p o u n d s  had on c a r o t e n e  b i o s y n t h e s i s  in c u l t u r e s  of a
R)|i>o3 Oi&s)
M y c o b a c t e r i u m  sp., / p o s t u l a t e d  t h a t  DPA c o m p e t e d  w i t h
u n s a t u r a t e d  c a r o t e n o i d s  for th e a c t i v e  s ite  on p h y t o e n e  
d e s a t u r a s e  . A l t e r n a t i v e l y ,  it has b ee n
p r o p o s e d  t h a t  DPA i n h i b i t s  th e s y n t h e s i s  of m R N A  ( S h a n m u g a m  
and B e r g e r ,  1989). H o w e v e r ,  a c e l l - f r e e  e x t r a c t  p r e p a r e d  
f r o m  P . b l a k e s l e e a n u s  (Cl 15) m y c e l i a  g r o w n  in D P A ( 7 0 p M )  was  
f o u n d  to i n c o r p o r a t e  r a d i o a c t i v i t y  f r o m  [ 2 - ^ ^ C ] M V A  i n t o
p - c a r o t e n e  if th e e x t r a c t  w a s  f i r s t  p a s s e d  t h r o u g h  a
S e p h a d e x  (G25) c o l u m n ,  o t h e r w i s e  r a d i o a c t i v i t y  . o n l y
a c c u m u l a t e d  in p h y t o e n e  ( C l a r k e  e_t aJL. , 1 983 ).
P h y t o e n e  f o r m a t i o n  is i n c r e a s e d  w h e n  the p h y t o e n e -  
a c c u m u l a t i n g  C5 s t r a i n  of P . b l a k e s l e e a n u s  (c a r B m u t a n t )  is 
c u l t u r e d  in t he  p r e s e n c e  of DPA  (Lee ejt ^ .  , 1 975 ).
F u r t h e r m o r e ,  DPA i n c r e a s e s  the  i n c o r p o r a t i o n  of
r a d i o a c t i v i t y  i n t o  p h y t o e n e  by c e l l - f r e e  e x t r a c t s  of thi s  
P h v c o m v c e s  s t r a i n  ( C l a r k e  e_t aj,.. , 1 983 ). S i n c e  c a r B m u t a n t s
h a v e  d e f e c t i v e  p h y t o e n e  d e s a t u r a s e  e n z y m e s ,  it has b e e n  
s u g g e s t e d  t h a t  DPA in P h v c o m v c e s  at le as t,  s t i m u l a t e s  t he
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s y n t h e s i s  of p h y t o e n e  as w e l l  as its d e s a t u r a t i o n  t h e r e b y  
g i v i n g  r i s e  to a l a r g e  a c c u m u l a t i o n  of p h y t o e n e .
D i p h e n y l a m i n e  is a s t r o n g  i n h i b i t o r  of c a r o t e n e  
b i o s y n t h e s i s  in c u l t u r e s  of the f u n g u s  M u c o r  h i e m a l i s . but
d e s a t u r a t i o n  of o n e  or b o t h  p h e n y l  r i n g s  of DPA or
m é t h y l a t i o n  to N - m e t h y l d i p h e n y l a m i n e  r e s u l t e d  in l o s s  of 
i n h i b i t o r  a c t i v i t y .  Of t he  h y d r o x y l  s u b s t i t u t e d
d i p h e n y l a m i n e s ,  o n l y  4 - h y d r o x y d i p h e n y l a m i n e  w a s  f o u n d  to 
i n h i b i t  c a r o t e n e  b i o s y n t h e s i s  in M . h i e m a l i s  ( H e r b e r  eJt a 1. . 
1 972 ) .
B e n z o p h e n o n e  w a s  r e p o r t e d  to i n h i b i t  c a r o t e n o ­
g e n e s i s  in c u l t u r e s  of a M y c o b a c t e r i u m  sp. and th us  it w a s
it
p o s t u l a t e d  that, h a v i n g  a s i m i l a r  s h a p e  to DPA, ^ i n h i b i t e d  
d e s a t u r a t i o n  in an a n a l o g o u s  m a n n e r  (Ri ll i ng , 1975). This 
c o m p o u n d  w a s  a l s o  f o u n d  to i n h i b i t  c a r o t e n e  b i o s y n t h e s i s  in
c u l t u r e s  of M . h i e m a l i s  . w h e r e  c u l t u r e s  c o n t a i n i n g  400jjM
b e n z o p h e n o n e  f a i l e d  to s y n t h e s i z e  a n y  c o l o u r e d  c a r o t e n o i d ,  
bu t a c c u m u l a t e d  p h y t o e n e  ( H e r b e r  ejt aJL. , 1 972 ). The same
w o r k e r s  f o u n d  that, w h i l s t  d e s a t u r a t i o n  of o n e  or b ot h 
p h e n y l  r i n g s  d e s t r o y e d  i n h i b i t o r  a c t i v i t y ,  as in DPA, 
r e d u c t i o n  of the c e n t r a l  k e t o n e  of b e n z o p h e n o n e  to yi e l d  
d i p h e n y l c a r b i n o l  and e n s u i n g  m é t h y l a t i o n  to f o r m  
1 , 1 - d i p h e n y l e t h a n o l , r e s u l t e d  in d i p h e n y l  p r o d u c t s  t ha t w e r e  
s t i l l  p o t e n t  i n h i b i t o r s  of c a r o t e n e  b i o s y n t h e s i s .  H o w e v e r ,  
h y d r o x y l  s u b s t i t u t e d  b e n z o p h e n o n e s  w e r e  a ll  f o u n d  to h a v e  no 
e f f e c t  on c a r o t e n o g e n e s i s .  W h i l s t  DPA, 2 - h y d r o x y b i p h e n y l  
and 9 - f l u o r e n o n e  (see be lo w )  w e r e  f o u n d  to h a v e  no e f f e c t  on 
d e s a t u r a t i o n  in a c e l l - f r e e  s y s t e m  f r o m  t o m a t o  f r u i t s
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( B u c h o l t z  ejt a_l. , 1 977 ), a b e n z o p h e n o n e  d e r i v a t i v e  [ 3 , 3 ’-
d i m e t h y l - 4 - m e t h o x y b e n z o p h e n o n e ; N K - 0 4 9  (Fig. 1 : 4 : 4 ) ] has b e e n  
r e p o r t e d  to be a u s e f u l  h e r b i c i d e  a g a i n s t  b a r n y a r d  g r a s s  
( F u j i i  aj,. , 1 977 ). N K - 0 4 9  a p p a r e n t l y  i n h i b i t s
c a r o t e n o i d  d e s a t u r a t i o n ,  t h e r e b y  r e m o v i n g  t he  m e a n s  for
p h o t o p r o t e c t i o n  ( F u j i i  ejt al., 1 977 ).
C a r o t e n e  b i o s y n t h e s i s  in c u l t u r e s  of M .h i e m a l i s  
w a s  f o u n d  to be i n h i b i t e d  by c e r t a i n  s u b s t i t u t e d  b i p h e n y l s  
( H e r b e r  .et. .al. , 1 972 ). The  m o s t  p o t e n t  b i p h e n y l  c o m p o u n d s
w e r e  t h e 4 - m e t h y l ,  4 - m e t h o x y ,  4 - a c e t y l  and 3 , 3 ’- d i m e t h o x y  
d e r i v a t i v e s .  B i p h e n y l  d e r i v a t i v e s  c o n t a i n i n g  amino,  h a l o g e n  
or n i t r o  s u b s t i t u e n t s  w e r e  f o u n d  to h a v e  no e f f e c t  on c a r o t ­
en e  b i o s y n t h e s i s  in H .h i e m a l i s . w h e r e a s  2 - h y d r o x y b i p h e n y l  
w a s  r e p o r t e d  to i n h i b i t  c a r o t e n e  b i o s y n t h e s i s  in Ros .
s D h e r o i d e s  and R s p . r u b r u m  ( M a u d i n a s  ejt a_l. , 1 972 ); this
c o m p o u n d  w a s  f o u n d  to h a v e  no e f f e c t  on c a r o t e n e
b i o s y n t h e s i s  e i t h e r  in c u l t u r e s  of M . h i e m a l i s  ( H e r b e r  e_t 
al.. 1972) or a c e l l - f r e e  s y s t e m  f r o m  t o m a t o  f r u i t  p l a s t i d s
( B u c h o l t z  jejt a_l. , 1 977). It w a s  o b s e r v e d  t h a t  t he b i p h e n y l
d e r i v a t i v e s  t h a t  i n h i b i t e d  c a r o t e n o g e n e s i s  in M .h i e m a l i s  
c u l t u r e s  w e r e  i n a c t i v a t e d  if o n e  or b o t h  a r o m a t i c  r i n g s  w e r e  
s a t u r a t e d  ( H e r b e r  e_t a_l. , 1 972 ).
I n h i b i t i o n  of c a r o t e n o g e n e s i s  in c u l t u r e s  of 
M .h i e m a l i s  by e a c h  of the  a b o v e  c o m p o u n d s  r e s u l t e d  in the
c o n c o m i t a n t  a c c u m u l a t i o n  of p h y t o e n e ,  s u g g e s t i n g  t h a t  t h e s e  
c o m p o u n d s  i n h i b i t  p h y t o e n e  d e s a t u r a t i o n .
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1:4:8 DIPHENYL HETEROCYCLIC INHIBITORS
9 - F l u o r e n o n e  (Fig. 1:4:5) i n h i b i t s  p h y t o e n e
d e s a t u r a t i o n  in c u l t u r e s  of b o t h  M . h i e m a l i s  ( H e r b e r  e_t al.. 
1 972 ) and in V e r t i c i l l i u m  a g a r i c i n u m  ( V a l a d o n  ejt a_l. , 1 973 ).
In e a c h  c a s e  p h y t o e n e  a c c u m u l a t e d  in p l a c e  of c o l o u r e d
c a r o t e n o i d s .  O r i g i n a l l y  it w a s  r e p o r t e d  t h at  9 - f l u o r e n o n e
d i d  not i n h i b i t  p h y t o e n e  d e s a t u r a t i o n  in P . b l a k e s l e e a n u s
(wild type ) but c a u s e d  a s l i g h t  s t i m u l a t i o n  of p h y t o e n e  
s y n t h e s i s  ( M e d i n a  and M i c o l,  1981). H o w e v e r ,  in l i q u i d  
c u l t u r e s  of P . b l a k e s l e e a n u s  (wild type, c a r S and c a r R 
m u t a n t s ) ,  9 - f l u o r e n o n e  p r o v e d  to be a p o t e n t  d e s a t u r a t i o n  
i n h i b i t o r  su c h  t h a t  m u c h  p h y t o e n e ,  p a r t i c u l a r l y  the all-  
t r a n s  i s o m e r ,  a c c u m u l a t e d  ( V a l a d o n  .ejt aJL. , 1981). S i n c e  DPA
w a s  f o u n d  to s t i m u l a t e  the  a c c u m u l a t i o n  of v e r y  l i t t l e  all-  
t r a n s  —  p h v t o e n e  in P. b l a k e s l e e a n u s  c u l t u r e s  ( C l a r k e  e_t al..
1983), 9 - f l u o r e n o n e  and D PA  m a y  i n h i b i t  d e s a t u r a t i o n  t h r o u g h  
d i f f e r e n t  m e c h a n i s m s .  9 - f l u o r e n o n e  had no e f f e c t  on
c a r o t e n o g e n e s i s  in a c e l l - f r e e  s y s t e m  f r o m  t o m a t o  f r u i t
p l a s t i d s  ( B u c h o l t z  ejt a_l. , 1 977 ).
V a r i o u s  dy es ,  n a m e l y  a c r i d i n e  o r a n g e ,  m e t h y l e n e  
blue, n e u t r a l  red and t o l u i d i n e  b l u e  (Fig. 1 :4 :5 ), w e r e
f o u n d  to be p o t e n t  i n h i b i t o r s  of p h y t o e n e  d e s a t u r a t i o n  in 
c u l t u r e s  of a M y c o b a c t e r i u m  sp. ( R i l l in g ,  1965). Ho w ev e r ,  
t he  d y e s  w e r e  f o u n d  to h a v e  no e f f e c t  on c a r o t e n o g e n e s i s  in 
c u l t u r e s  of M y c o b a c t e r i u m  u n d e r  h i g h  o x y g e n  t e n s i o n ,  
s u g g e s t i n g  t h a t  t he  r e d u c e d  ( d i h y d r o - )  f o r m s  of t h e s e  
c o m p o u n d s  w e r e  t h e  a c t i v e  i n h i b i t o r s .
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PIG. 1:4:5 HETEROCYCLIC DIPHENYL INHIBITORS OP CAROTENOGENESIS
( C H g ) g N NlCHg);
Methylene Blue
( C H g ) 2 . N
Acridine Orange
NCCHg);
CH
NH
Neutral Red
Toluidine Blue
o
9-Pluorenone
Please see Table 1:4 for systematic names
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1:4:9 D I-N - B UTYLPHTHALATE
D i - n - b u t y l p h t h a l a t e  (DBF) is e x t e n s i v e l y  us e d  as a 
p l a s t i c i z e r  in c e r t a i n  p a i n t s  and f l e x i b l e  PVC. R e c e n t l y  
t h e r e  h a v e  b e e n  s e v e r a l  r e p o r t s  of D B P - c o n t a i n i n g  p r o d u c t s  
c a u s i n g  l e a f  d a m a g e  to a v a r i e t y  of p l a n t s  (M orner, 1979; 
H a n n a y ,  1980; N e w  S c i e n t i s t ,  1983). R a d i s h  s e e d l i n g s  and 
b l u e b e l l  s h o o t s  c u l t i v a t e d  in h i g h  l e v e l s  of DBF v a p o u r  w e r e  
f o u n d  to a c c u m u l a t e  p h y t o e n e  in p l a c e  of c o l o u r e d  
c a r o t e n o i d s  and it w a s  p o s t u l a t e d  t h a t  l e a f  d a m a g e  w a s  a 
r e s u l t  of l o s s  of ph o t o p r o t e c t i o n  ( V i r g i n  ejt a_l. , 1981).
1 : 4 : 1 0  I N H I B I T O R S  OF C A R O T E N E  C Y C L I S A T I O N
Of th e  n u m b e r  of c h e m i c a l s  t h a t  h a v e  b e e n  f o u n d  to 
i n h i b i t  c a r o t e n e  c y c l i s a t i o n  (Fig. 1:4:8) n i c o t i n e  and 2 - ( 4 -  
c h l o r o p h e n y l t h i o )- t r i e t h y l a m i n e  h y d r o c h l o r i d e  (CPTA) are 
p e r h a p s  t he  b e s t  kn own . N i c o t i n e  w a s  f o u n d  to i n h i b i t  
c y c l i s a t i o n  in a M v c o b a c t e r i u m  sp. (How es  and Batra , 1 970b) 
and in v a r i o u s  o t h e r  n o n - p h o t o s y n t h e t i c  b a c t e r i a  
[F l a v o b a c t e r i u m  spp. (G o od w i n,  1972), M i c r o c o c c u s  sp., 
( Le w i s  and K u m t a , 1 973 ); M v x o c o c c u  s f u l v u s  ( K l e i n i g  and
R e i c h e n b a c h ,  1973 )]  s uc h t h a t  l y c o p e n e  a c c u m u l a t e d  at the  
e x p e n s e  of p - c a r o t e n e .
W h e n  v a r i o u s  f r u i t s  (c it ru s, a p r i c o t ,  p e a c h  and 
t o m a t o )  w e r e  s p r a y e d  w i t h  C P T A  s o l u t i o n s ,  it w a s  f o u n d  t ha t  
l y c o p e n e  a c c u m u l a t e d  ( C o g g i n s  ejt .al,. , 1 970 ). S i m i l a r l y ,  f r u i t s
of C a p s i c u m  a n n u u m  s p r a y e d  w i t h  C P T A  a c c u m u l a t e d  l y c o p e n e ,  
and to a l e s s e r  e x t e n t  n e u r o s p o r e n e  and y - c a r o t e n e ,  at the
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FIG. 1:4:6 INHIBITORS OP CAROTENE CYCLISATION
CoH2' '5
SCH2CH2N© Cl©
C 2 H 5
CPTA
N ^ N H g
2-aminoDyridine
N Nw
Imidazole
*Please see Table 1:4 for systematic name.
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e x p e n s e  of m o r e  c y c l i s e d  c a r o t e n o i d s  ( S i m p s o n  e_t aj^. , 1 974 ).
H o w e v e r ,  it w a s  f o u n d  t h a t  n e i t h e r  n i c o t i n e  nor C P T A  had any  
a f f e c t  on c y c l i s a t i o n  in a c a r o t e n o g e n i c  c e l l — f r e e  s y s t e m  
f r o m  C .a n n u u m f r u i t  p l a s t i d s  ( C a m a r a  and M o n e g e r ,  1982), t h a t  
C P T A  had no a f f e c t  on t he  c a r o t e n o g e n i c  s y s t e m  f r o m  t o m a t o  
f r u i t  p l a s t i d s  ( B u c h o l t z  e_t a_l. , 1 977 ) and t h a t  n i c o t i n e  had
no a f f e c t  on t h e  N a r c i s s u s  f l o w e r  p l a s t i d a l  s y s t e m  (B ey e r e_t 
a l . , 1 9 8 0 ) .
A B r e v i b a c t e r i u m  sp. c u l t u r e d  in C P T A  or 
n i c o t i n e  w a s  f o u n d  to a c c u m u l a t e  l y c o p e n e ,  n e u r o s p o r e n e  and 
^ - c a r o t e n e  in p l a c e  of p - c a r o t e n e .  R e m o v a l  of t he  i n h i b i t o r  
r e s u l t e d  in r e s u m p t i o n  of p - c a r o t e n e  s y n t h e s i s  w i t h  l o s s  of 
a c c u m u l a t e d  n e u r o s p o r e n e  ( Hs ieh  ejt a_l. , 1 974 ) . L y c o p e n e  is
a c c u m u l a t e d  t h r o u g h  t h e s i m u l t a n e o u s  i n h i b i t i o n  of l y c o p e n e
h y d r a t i o n  (to r h o d o ^ i n )  and c y c l i s a t i o n  w h e n   ___ _ va n i e l l i
is c u l t u r e d  in C P T A  or n i c o t i n e  ( ci t e d  by G o o d w i n ,  1980). 
N i c o t i n e  and C P T A  b o t h  i n h i b i t  c a n t h a x a n t h i n  s y n t h e s i s  in 
M i c r o c o c c u s  r o s e u s  w h e r e  it has b e e n  p o s t u l a t e d  t h a t  C P T A  
i n h i b i t s  h y d r o x y l a t i o n ,  n i c o t i n e  i n h i b i t s  o x y g e n a t i o n  and 
b o t h  i n h i b i t  the s e c o n d  c y c l i s a t i o n  p r o c e s s  of a n o v e l  
c a r o t e n o g e n i c  p a t h w a y  ( C o o n e y  and Be rr y,  1981).
V a r i o u s  a m i n e s  w i t h  a s i m i l a r  s t r u c t u r e  to CPTA, 
t r i e t h y l a m i n e  and t r i b u t y l a m i n e  h y d r o c h l o r i d e s  h a v e  a l s o  
b e e n  r e p o r t e d  to i n h i b i t  c y c l i s a t i o n  in B . t r i s o o r a  (Hsu e_t 
a 1. . 1 974 ) as h a v e  c e r t a i n  d e r i v a t i v e s  of i m i d a z o l e  and
p y r i d i n e  ( N in e t  e_t jlI* • 1 969 ). P y r i d i n e  d e r i v a t i v e  pKa.
v a l u e s  w e r e  c o m p a r e d  to the p h y t o e n e  a nd l y c o p e n e  
a c c u m u l a t e d  and p - c a r o t e n e  a b s e n t  f r o m  i n h i b i t e d  c u l t u r e s  of
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p . b l a k e s l e e a n u s : it w a s  o b s e r v e d  t h a t  t h o s e  d e r i v a t i v e s
w i t h  pKa. 5-7 w e r e  th e m o s t  a c t i v e  and it w as  p o s t u l a t e d  t h a t  
t h e s e  w e r e  th e m o s t  e a s i l y  a s s i m i l a t e d  (E la hi  ejt aj^. , 1 973 ).
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1:5 D E S C R I P T I O N S  OF P H Y C O M Y C E S  B L A K E S L E E A N U S  and
A P H A N O C A P S A  67 14
1:5:1 P H Y C O M Y C E S  B L A K E S L E E A N U S
F u n g i  and y e a s t s  are  c l a s s i f i e d  as o u t l i n e d  in 
t a b l e  1:5:1 a c c o r d i n g  to the d e f i n i t i o n s  us ed  by B u r n e t t  
(1988) and A i n s w o r t h  (1971). Th e g e n u s  P h v c o m v c e s  b e l o n g s  
to t h e  s u b - d i v i s i o n  Z y g o m y c o t i n a , t he f u n g a l  g r o u p  d e f i n e d  
as l a c k i n g  th e d i k a r y o t i c  p h a s e  in t he  s e x u a l  cy c le .
The l i f e  c y c l e  of P . b l a k e s l e e a n u s  as o u t l i n e d  in 
F i g . 1 : 5 : 1 . c o n s i s t s  of a s e x u a l  and s e x u a l  p h a s e s .  In the s e x u a l  
p h a s e  s i n g l e  u n b r a n c h e d  a e r i a l  h y p h a e  (s p o r a n g i o p h o r e s ) 
e m e r g e  f r o m  the  m y c e l i u m  a f t e r  2-3 d a y s  g ro w t h ,  the t i p s o f  
w h i c h  s w e l l  and d e v e l o p  i n t o  s p o r a n g i a  w h e r e  s p o r e s  are 
f o r m e d .  W h e n  m a t u r e  s p o r a n g i a  c o m e  i n t o  c o n t a c t  w i t h  w a t e r  
or s o l i d  o b j e c t s ,  the o u t e r  w a l l  r u p t u r e s  and the s p o r e s  are 
r e l e a s e d .  In the s e x u a l  C y c l e  s p e c i a l i s e d  h y p h a e
( z y g o p h o r e s )  ar e p r o d u c e d  t h a t  g r o w  t o w a r d s  m y c e l i u m  of 
o p p o s i t e  m a t i n g  type. O n c e  z y g o p h o r e s  of o p p o s i t e  ‘s e x ’ 
m a k e  c o n t a c t ,  t h e y  swel l,  g r o w  i n t o  the air and t h r o u g h  a 
s e r i e s  of s p e c i a l i s e d  s t r u c t u r e s  are t r a n s f o r m e d  i n t o  
z y g o p h o r e s  t h a t  c o n t a i n  th e p r o d u c t s  of s e x u a l - g e n e t i c  
i n t e r a c t i o n .  T h e n  f o l l o w s  a p e r i o d  of d o r m a n c y  (at l e a s t  
t h r e e  m o n t h s )  a f t e r  w h i c h  t he z y g o s p o r e  g e r m i n a t e s  and a 
s i n g l e  g e r m s p o r a n g i o p h o r e  e m e r g e s  t h a t  d e v e l o p s  a s p o r a n g i u m  
f r o m  w h i c h  s p o r e s  are e v e n t u a l l y  r e l e a s e d .
T he p h y s i o l o g y  of P .b l a k e s l e e a n u s  has b e e n  w e l l  
s t u d i e d  and r e v i e w e d  by B e r g m a n  e_t aj. ( 1 989 ) and the 
s u i t a b i l i t y  of th is  f u n g u s  for v a r i o u s  f i e l d s  of r e s e a r c h
r e v i e w e d  by C e r d a - O l m e d o  (1975).
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TABLE 1:5:1 TAXONOMY OF FUNGI AND YEASTS
D I V I S I O N S U B - D I V I S I O N C H A R A C T E R I S T I C S R E P R E S E N T A T I V E
G E N E R A
M y x o m y c o t a S l i m e  F u n g i  - 
F re e  l i v i n g  
a m o e b a e  t h a t  
u n i t e  to f o r m  
pla s m o d i a
D i c t v o s t e l i u m
E u m y c o t a
Ma s t i g o m y c o t i n a
Z y g o m y c o t i n a
No D i k a r y o t i c  
p h a s e  in L i f e  
C ycl e.  M o t i l e  
z o o z p o r e s  
p r o d u c e d .
No D i k a r y o t i c  
p h a s e  in L i f e  
C ycl e.  N on-  
m o t i l e  s p o r e s  
p r o d u c e d .
A c h v i a
B l a s t o c l a d i e l l a
P h v t o p h t h o r a
P v t h i u m
Bla k e s l e a
M o r t i e r e l l a
M u c o r
P h v c o m v c e s  
R h i z o p u  s
A s c o m y c o t i n a
B a s i d i o m y c o t i n a
M y c e l i u m  u s u a l l y  
s e p t a t e .  V e g e t ­
a t i v e  r e p r o d u c ­
t io n  o f t e n  by 
c o n i d i a  (or by 
b u d d i n g ) . S e x u a l  
r e p r o d u c t i o n  
i n v o l v e s  as c o-  
s p o r e s . As c o ­
s p o r e s  p r o d u c e d  
w i t h i n  asci.
M y c e l i u m  u s u a l l y  
s e p t a t e .  S e x u a l  
r e p r o d u c t i o n  
o f t e n  by B a s i d i -  
o s p o r e s . B a s i d -  
i o s p o r e s  b o r n e  
in b a s i d i a  th at  
are o f t e n  c l u m p e d  
t o g e t h e r  as 
f r u i t i n g  b o di e s .
A s p e r g i l l u s *
C e p h a l a s p o r i u m *
C i l i a  ria
C o c h l i o b o l u s
F u s a r i u m *
N e u r o s p o r a
Q p h i o b o l u  s
S c l e r o t i n i a
V e r t  i c i l l i u m *
W h e t z e l i n i a
Y E A S T S
C l o t h r u s
C o p r i n u s
D a c r v o p i n a x
S c l e r o t i u m *
U s t i l a a o
* T h e s e  F u n g i  a re  F u n g i  I m p e r f e c t i . f u n g i  that h a v e  l o s t  the 
s e x u a l  c y c l e  and are p r o p e r l y  c l a s s i f i e d  in the s u b - d i v i s i o n  
D e u t e r o m y c o t i n a . H o w e v e r ,  b e c a u s e  of s i m i l a r i t i e s  w i t h  
c e r t a i n  o r g a n i s m s  p o s s e s s i n g  a f u l l  s e x u a l  cy cl e, t h e s e  
o r g a n i s m s  h a v e  b ee n g r o u p e d  a l o n g s i d e ,  in the s u b - d i v i s i o n s  
A s c o m y c o t i n a  and B a s i d i o m y c o t i n a .
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FIG. 1:5:1 LIFE CYCLE OF PHYCO^TYCES BLAKESLEEANUS
ASEXUAL  CYCLE
s p o r a n g iu m
SPORANGlOPHORE (uribranched hyphae
MYCELIA (branched hyph ae)
SPORES
m y c e l ia  o f  d if f e r e n t  s e x e s
germ sporangium
— germ sporangiophore
S E X U A L  CYCLE
PROGAHETANGÎA
-  ZYGOSPORE
GAMETANGIA
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1:5:2 APHANOCAPSA 6714
1 ; 5 : 2 : 1 T a x o n o m v . C y a n o b a c t e r i a  ( b l u e - g r e e n  a l g ae )  are
G r a m  n e g a t i v e ,  o x y g e n  e v o l v i n g  p h o t o  s y n t h e t i c  p r o k a r y o t e s  
t h a t  a re  a b l e  to s y n t h e s i z e  c h l o r o p h y l l  a. and c o n t a i n
p h y c o b i l i n - p r o t e i n  c o m p l e x e s .
T a x o n o m y  of the c y a n o b a c t e r i a  is c o m p l e x .
T r a d i t i o n a l l y  t h e s e  o r g a n i s m s  h a v e  b e e n  a s s o c i a t e d  w i t h  
a l g a e  and h a v e  t h us  b e e n  c l a s s i f i e d  a c c o r d i n g  to
o b s e r v a t i o n s  m a d e  by p h y c o l o g i s t s  on f i e l d  m a t e r i a l .  R i p p k a  
and c o - w o r k e r s  (1979) p r o p o s e d  t h a t  c e r t a i n  g e n e r a  be 
r e d e f i n e d  "in s u c h  a w a y  t h a t  s i m p l e  and c l e a r - c u t  g e n e r i c  
a s s i g n m e n t s "  c o u l d  be m a d e  for c u l t u r e d  c y a n o b a c t e r i a .  The 
g e n e r i c  d e f i n i t i o n s  u se d  by p h y c o l o g i s t s  ( B ou r e l l y ,  1970; 
G e i t l e r ,  1932) w e r e  m a i n t a i n e d  as fa r as p o s s i b l e ,  but
s p e c i e s  n a m e s  w e r e  r e p l a c e d  by c u l t u r e  n u m b e r s  as
u n a m b i g u o u s  i d e n t i f i c t i o n  w a s  c o n s i d e r e d  d i f f i c u l t  ( S t a n i e r  
et al.. 1971; R i p p k a  e_t a_l. , 1 979 ). In th is  t a x o n o m i c
s c h e me ,  the  c y a n o b a c t e r i a  w e r e  s u b d i v i d e d  i n t o  f i v e  l a r g e  
g r o u p s  b a s e d  on s t r u c t u r a l  d i f f e r e n c e s ,  as d e f i n e d  in t a b l e  
1:5:2. T h e s e  g r o u p s  do not p r e c i s e l y  c o r r e s p o n d  to the 
m a j o r  ta x a  p r o p o s e d  by p h y c o l o g i s t s .
The S e c t i o n  I b a c t e r i a ,  to w h i c h  A o h a n o c a o s a  8714 
b e l o n g s ,  are u n i c e l l u l a r  o r g a n i s m s  t h a t  r e p r o d u c e  by b i n a r y  
f i s s i o n  (or by b u d d i n g  in o n e g e n u s  only) and are th e m o s t  
p r i m i t i v e  c y a n o b a c t e r i a .  The 57 c u l t u r e d  s t r a i n s  a s s o c i a t e d  
w i t h  S e c t i o n  I w e r e  r e - a s s i g n e d  to the six g e n e r a  ( R i p p k a  ejt 
&!.. , 1 979) d e f i n e d  in t a b l e  1:5:3. Th e g e n u s  S v n e c h o c v s t i s  .
as d e f i n e d  ab ov e , e n c o m p a s s e d  the f i v e  t r a d i t i o n a l  g e n e r a  of
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TABLE 1:5:2 MAJOR SUB-GROUPS OF CYANOBACTERIA
U n i c e l l u l a r R e p r o d u c t i o n  by b u d d i n g
C e l l s  : s i n g l e or b i n a r y  f i s s i o n
or f o r m i n g S E C T I O N  I
a g g r e g a t e s  he l d
t o g e t h e r  by
a d d i t i o n a l R e p r o d u c t i o n  by m u l t i p l e
o u t e r  c e l l f i s s i o n  g i v i n g  r i s e  to )
w a l l  l a y e r s s m a l l  d a u g h t e r  c e l l s  
( b a e o c y t e s )  or by b o t h  
m u l t i p l e  f i s s i o n  and
b i n a r y  f i s s i o n . S E C T I O N  II
M u l t i c e l l u l a r
R e p r o d u c t i o n  
by r a n d o m  
t r i c h o m e  
b r e a k a g e , b y  
f o r m a t i o n  of 
h o r m o g o n i a  
and ( S e c t i o n s  IV 
and V only) 
s o m e t i m e s  by 
g e r m i n a t i o n  
of a k i n e t e s .
T r i c h o m e  
a l w a y s  
c o m p o s e d  
o n l y  of 
v e g e t a t i v e  
c e l l s .
D i v i s i o n  in 
o n l y  one 
p l a n e .
S E C T I O N  III
In the  a b ­
s e n c e  of 
c o m b i n e d  
n i t r o g e n  
t r i c h o m e  
c o n t a i n s  
h e t e r o c y s t s  ; 
s o m e  a l s o  
p r o d u c e  
a k i n e t e s .
D i v i s i o n  in 
o n l y  on e  
p l a n e .
S E C T I O N  V
D i v i s i o n  in 
m o r e  t h a n  
o n e  plane .
S E C T I O N  V
D r a w n  f r o m  Rippka ejt aJ. ( 1 979 ).
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TABLE 1:5:3 GENERA OF SECTION I CYANOBACTERIA
M O D E  OF 
R E P R O D U C T I O N
T H Y L A K O I D S  P R O M I N E N T  D I V I S I O N A L  P R O P O S E D  
P R E S E N T ?  S H E A T H ?  P L A N E S  G E N U S
B i n a r y  F i s s i o n  Yes Yes 1 G l e o t h e c e
2-3 G l e o c o p s  a
No 1 S v n e c h o c o c c u s
2-3 S v n e c h o c v s t i s
No Yes 1 G l e o b a c t er
B u d d i n g Yes Ch a m a  es i o h o n
R e d r a w n  f r o m  Rippka ejt a_l ( 1 979 )
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S v n e c h o c v s t i s . A p h a n o c a p s a . M i c r o c y s t i s . M e r i  s m o p e d i a  and 
E u c a p s i s . T r a d i t i o n a l l y  such u n i c e l l u l a r ,  p o o r l y  s h e a t h e d ,  
s p h e r i c a l  b l u e - g r e e n  a l g a e  h a v e  b e e n  d i s c r i m i n a t e d  on the 
b a s i s  of a g g r e g a t e  f o r m a t  ( T a b le  1:5:4). H o w e v e r ,  in 
c u l t u r e  t h e s e  o r g a n i s m s  do not a g g r e g a t e  and so it w a s
p r o p o s e d  t h a t  t h e y  a ll  be d e s c r i b e d  by on e g e n u s  (Ko ma r e k,
1 976; R i p p k a  e_t aJ,. , 1 979 ).
A c o m p a r i s o n  of T 1 r i b o n u c l e a s e  d i g e s t s  of 1 6 ^  
r R N A  f r o m  e i g h t  s p e c i e s  of c y a n o b a c t e r i a  ( B o ne n  ejt a 1 . 
1979), s u g g e s t e d  t h a t  A p h a n o c a p s a  ( S v n e c h o c v s t i s )  6714 w a s  
m o r e  c l o s e l y  r e l a t e d  to the m o r e  a d v a n c e d  S e c t i o n  _LV and V 
c y a n o b a c t e r i a  t h a n  to m o s t  o t h e r  S e c t i o n  J. o r g a n i s m s ;  the 
p h y l o g e n e t i c  t r e e  i m p l i e d  by th is  e x p e r i m e n t  is g i v e n  in 
Fig. 1:5:2.
1 : 5: 2: 2 P h y s i o l o g y  and C e l l  D i v i s i o n  T he  c e l l u l a r
o r g a n i z a t i o n  of A p h a n o c a p s a  6714 and o t h e r  c y a n o b a c t e r i a  is 
p r o k a r y o t i c  and s i m i l a r  to G r a m  n e g a t i v e  b a c t e r i a  ( S t a n i e r  
and van Niel, 1962). The c e l l  is e n c a p s u l a t e d  by a
c o m p o s i t e  e n v e l o p e  t h a t  c o n s i s t s  of a s e m i - p e r m e a b l e
p l a s m a l e m m a ,  a r i g i d  p e p t i d o g l y c a n  l a y e r  and an o u t e r  
m e m b r a n e  s u r r o u n d e d  by a s l i m e  l a y e r  (Drews and W e c k e s s e r ,  
1902 for r e v i e w ) .  T y p i c a l l y ,  c y a n o b a c t e r i a  p o s s e s s  a
p r o t o p l a s m  c o m p o s e d  of a p i g m e n t e d ,  m e m b r a n o u s  p e r i p h e r y
at
( chronj^oplasm) and a c o l o u r l e s s  f i b r i l l o - g r a n u l a r  c e n t r e
( c e n t r o p l a s m ) .  T he  c e n t r o p l a s m  is the si te  for p r o t e i n
s y n t h e s i s  and c o n t a i n s  r i b o s o m e s  and g e n e t i c  m a t e r i a l ,
w h i l s t  the c h r o m a t o p l a s m  c o n t a i n s  t h y l a k o i d  m e m b r a n e s  and is
t he  s i t e  for p h o t o s y n t h e s i s .  In A p h a n o c a p s a  6714, as in
m o s t  o t h e r  c y a n o b a c t e r i a ,  t h y l a k o i d s  are a r r a n g e d  in l a y e r s
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R H C.
L i b r a r y
TABLE 1:5:4 T R A D I T I O N A L  G E N E R A  OF U N I C E L L U L A R .  U N S H E A T H E D ,  
S P H E R I C A L ,  B L U E - G R E E N  A L G A E
A G G R E G A T E  T Y P E F U R T H E R
D I S C R I M I N A T I O N
P R O P O S E D
G E N U S
No A g g r e g a t i o n S v n e c h o c v s t i s
I r r e g u l a r  A g g r e g a t i o n :  
by s l i m e  l a y e r  u n i t i n g
c a u s e d
c e l l s
Gas V a c u o l e s M i c r o c v s t i  s
No Gas V a c u o l e s A o h a n o c a o s a
R e g u l a r  A g g r e g a t i o n ;  c a u s e d  by 
r e g u l a r  c e l l  d i v i s i o n
R e c t a n g u l a r
A g g r e g a t e s
M e r i  s m o p e d i a
C u b i c a l
A g g r e g a t e s
E u c a p s i s
FIG . 1:5:2 T E N T A T I V E  P H Y L O G E N Y  OF C Y A N O B A C T E R I A  
A F T E R  B O N E N  ET A L .. (1979)
( R e d r a w n  f r o m  D o o l i t t l e ,  1982)
A N C E S T R A L
U N I C E L L U L A R
C Y A N O B A C T E R I U M
S e c t i o n  III C y a n o b a c t e r i a  
S e c t i o n  II C y a n o b a c t e r i a
M o s t  S e c t i o n  I C y a n o b a c t e r i a :  e.g 
e.g. S v n e c h o c v s t i s  6701, 6308,
S v n e c h o c o c c u s  7502, 6301.
S v n e c h o c o c c u s  s t r a i n s  w i t h  high 
l e v e l s  of p o l y u n s a t u r a t e s  and 
47 - 5 0  7. GC: e.g. 7002 .
S v n e c h o c o c c u s  s t r a i n s  w i t h  h i g h  
l e v e l s  of p o l y u n s a t u r a t e s  and 46-487. GC 
e.g. 6714
S e c t i o n  IV C y a n o b a c t e r i a  
e.g. Nos toe s o .
S e c t i o n  V C y a n o b a c t e r i a :  
e.g. F i s c h e r e l l a  s p .
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FIG. 1:5:3A STRUCTURE OF A TYPICAL CYANOBACTERIAL CELL
CHROMATOPLASM
CENTROPLASM
STORAGE
GRANULE
2 0 0  n m
SLIME LAYER
OUTER MEMBRANE
PEPTIDOGLY CAN 
L A Y E R  .
PLASMALEMMA
FIG. 1:5:3B CONSTRICTIVE BINARY FISSION
S L IM E  L A Y E R
O U T E R  M E M B R A N E
P E P T ID O G L Y C A N  LAYER
P L A S M A L E M M A
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p a r a l l e l  to th e e n v e l o p e  f o r m i n g  an a n a s t o m a s i n g  n e t w o r k  of 
c o n c e n t r i c  s h e l l s  (Fig. 1:5:3a.). The  t h y l a k o i d s ,  a l t h o u g h  
s i m i l a r  to t h o s e  of h i g h e r  p l a n t s ,  p o s s e s s  p h y c o b i l i s o m e s -  
p a r t i c l e s  t h a t  c o n t a i n  a c c e s s o r y  p i g m e n t - p r o t e i n  c o m p l e x e s  
( p h y c o b i l i p r o t e i n s  ) for the c y a n o b a c t e r i a l  p h o t o s y s t e m  _I_I_ 
(C o h e n - B a z i r e  and B r y a n t ,  1982 for r e v i e w ) .  A l s o  s i t u a t e d  
w i t h i n  th e p r o t o p l a s m  are s t o r a g e  g r a n u l e s  (e.g. 
p o l y p h o s p h a t e  bo d i e s ,  c y a n o p h y c i n  g r a n u l e s  and p o l y g l u c a n  
g r a n u l e s )  t h a t  a c c u m u l a t e  t o w a r d  t he  end of e x p o n e n t i a l  
g r o w t h  and d i s p e r s e  d u r i n g  the s t a t i o n a r y  ph ase .
A o h a n o c a o s a  8714 d i v i d e s  by s i m p l e  c o n s t r i c t i v e  
t y p e  b i n a r y  f i s s i o n ,  as o b s e r v e d  w i t h  G r a m  n e g a t i v e  
b a c t e r i a .  D i v i s i o n  is i n i t i a t e d  by th e c e n t r i p e t a l  g r o w t h  
of t he  p l a s m a l e m m a  and c e l l  w a l l  (Fig. 1 : 5 : 3.b ) . T h i s  g r o w s  
i n w a r d s  l i k e  the  c l o s i n g  of a l e n s  d i a p h r a g m  u n t i l  the 
d i v i d i n g  w a l l  is c o m p l e t e  and th e d a u g h t e r  c e l l s  s e p a r a t e  
(Allen, 1988). A m u t a n t  i s o l a t e d  f r o m  S v n e c h o c o c c u s  7002  
has t h y l a k o i d s  g r o u p e d  i n t o  d i s c r e t e  b u n d l e s  w i t h o u t  a ny  of 
t h e  e n v e l o p e ,  s u g g e s t i n g  t h a t  d i s t r i b u t i o n  of t h e  t h y l a k o i d s  
b e t w e e n  d a u g h t e r  c e l l s  is not p a s s i v e  ( I n g r a m  and T h u r s t o n ,
1 970 )
1:8 A I M S  OF T H E  P R O J E C T
In v i e w  of th e c o m p l e x  r e a c t i o n  by p l a n t s  to 
b l e a c h i n g  h e r b i c i d e s  (see 1:4 and 1:2), it w a s  s u g g e s t e d  
t h a t  c h e m i c a l s  s u s p e c t e d  of i n h i b i t i n g  c a r o t e n e  b i o s y n t h e s i s  
be e v a l u a t e d ,  u s i n g  c a r o t e n o g e n i c  c e l l  —  f r e e  s y s t e m s  
( Br i t t o n ,  1979). C h e m i c a l s  t h a t  i n h i b i t  c a r o t e n e
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b i o s y n t h e s i s  h a v e  p o t e n t i a l  c o m m e r c i a l  v a l u e  in w e e d  
c o n t r o l .  For c e l l ^ f r e e  s y s t e m s  to g i v e  a r e l i a b l e  g u i d e  to 
h e r b i c i d e  a c t i v i t y  in the f i e l d  it is d e s i r a b l e  t h a t  t h e y  
o r i g i n a t e  f r o m  p h o t o s y n t h e t i c  t i s s u e ,  thus a n o v e l  s y s t e m  
w a s  d e v e l o p e d  f r o m  th e  c y a n o b a c t e r i u m  A o h a n o c a o s a  6714. 
I d e a l  t e s t  s y s t e m s ,  h o w e v e r ,  w o u l d  be t h o s e  f r o m  w e e d s  
t h e m s e l v e s .
T o g e t h e r  w i t h  the w e l l - e s t a b l i s h e d  c e l l — f r e e  
s y s t e m  f r o m  the f u n g u s  P .b l a k e s l e e a n u s  ( Y o k o y a m a  et a l ., 
1962) t he A o h a n o c a o s a  s y s t e m  w a s  u s e d  in t h is  p r o j e c t  to 
i n v e s t i g a t e  : -
i) c o f a c t o r  r e q u i r e m e n t s  of c a r o t e n e  b i o s y n t h e s i s ;
ii) th e s t r u c t u r e - i n h i b i t o r  a c t i v i t y  r e l a t i o n s h i p  of 
p h e n y l - p y r i d a z i n o n e s  and p h e n y l f u r a n e s  w i t h  
r e s p e c t  to p h e n y l  r i n g  s u b s t i t u t i o n ;
iii) t he  s t r u c t u r e - i n h i b i t o r  a c t i v i t y  r e l a t i o n s h i p  of 
p h e n y l - a l k y l - b e n z a m i d e s  w i t h  r e s p e c t  to p h e n y l  
r i n g  s u b s t i t u t i o n ;
iv) th e e f f e c t  of d i p h e n y l  c o m p o u n d s ,  p a r t i c u l a r l y  
d e r i v a t i v e s  of b e n z o p h e n o n e ,  on djn v i t r o  
c a r o t e n o g e n e s i s .
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C H A P T E R  2
M A T E R I A L S  A ND  M E T H O D S
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2:1 MATERIALS
2:1:1 S O L V E N T S
A l l  s o l v e n t s  w e r e  of t he h i g h e s t  p u r i t y  a v a i l a b l e  
and w e r e  p u r c h a s e d  f r o m  v a r i o u s  s u p p l i e r s .
2 : 1 : 2  C H E M I C A L S
G e n e r a l  l a b a o r a t o r y  c h e m i c a l s  w e r e  p u r c h a s e d  f r o m  
M e r c k ,  D a r m s t a d t ,  W . G e r m a n y ,  and w e r e  of a n a l y t i c a l  g r a d e  
w h e r e v e r  p o s s i b l e .  N u c l e o t i d e  c o f a c t o r s  w e r e  o b t a i n e d  f r o m  
B o e h r i n g e r ,  M a n n h e i m ,  W . G e r m a n y  and r e d u c e d  g l u t a t h i o n e  
f r o m  Si gm a ,  M u n i c h ,  W. G e r m a n y .
T n i n  l a y e r  p l a t e s ,  b o th  s i l i c a  g e l  G and n e u t r a l  
a l u m i n a ,  w e r e  s u p p l i e d  r e a d y  m a d e  by M e rc k ,  D a r m s t a d t ,
W .G e r m a n y .
L y s o z y m e  w a s  o b t a i n e d  f r o m  Sigma,  M u n i c h ,  W . G e r m a n y
O r g a n i c  c h e m i c a l s  u s e d  in the s y n t h e s i s  of 
v a r i o u s  ^ - a l k y l - p h e n o x y b e n z a m i d e s  ( C h a p t e r  5) w e r e  all 
b o u g h t  f r o m  A l d r i c h - E u r o p e , N e t t e t a l ,  W. G e r m a n y ,  w i t h  the 
e x c e p t i o n  of 3 - ( 4 - c h l o r o - ) p h e n o x y b e n z o i c  acid, w h i c h  w a s  a 
g e n e r o u s  g i f t  f r o m  B . A . S . F . ,  L u d w i g s h a f e n , W. G e r m a n y .
N u t r i e n t  a g a r  and y e a s t  e x t r a c t  w<2 râ. s u p p l i e d  by 
O x o i d  L i m i t e d ,  B a s i n g s t o k e ,  Hants .
N e u t r a l  a l u m i n a  for c o l u m n  c h r o m a t o g r a p h y  w a s  
p u r c h a s e d  f r o m  W o e l m  G m b H  E s c h w e g e ,  W . G e r m a n y .
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2:1:3 RADIOCHEMICALS
DL - [ 2- l ^ ] ( A e v a l o n i c  a c i d  l a c t o n e  ( 1 O m C i / m m o l  )
and [1 - ^^ C ]  i s o p e n t e n y l  p y r o p h o s p h a t e  ( 5 5 m C i / m m o l )  w e r e  
s u p p l i e d  by A m e r s h a m - B u c h l e r , B r a u n s c h w e i g ,  W . G e r m a n y .  The
in
m e v a l o n i c  a c id  w a s  c o n v e r t e d ^ t o  t he  s o d i u m  s a lt  p r i o r  to use 
by t he a d d i t i o n  of a r e q u i s i t e  a m o u n t  of s o d i u m  h y d r o x i d e .
1
[ 2 - I4c] Ge r an y ^g era nyl  p y r o p h o s p h a t e  ( 2 - 4 . 2 2  m C i / m m o l )  
w a s  o b t a i n e d  f r o m  J . S o l l  and G . S c h u l t z  of t he  H a n o v e r  
V e t e r i n a r y  C o l l e g e  and w a s  p r e p a r e d  f r o m  a l l - t r a n s - f a r n e s v l  
a c e t  and C 2 - ^ ^ C ] e t h y l  b r o m o a c e t a t e  (Soil  and S c h u l t z ,  1981)
2 : 1 : 4  H E R B I C I D E S
V a r i o u s  e x p e r i m e n t a l  h e r b i c i d e s  w e r e  k i n d l y  
s u p p l i e d  by t he  f o l l o w i n g  c o m p a n i e s :-
S u b s t i t u t e d  p h e n y l d i h y d r o f u r a n e s  w e r e  g e n e r o u s  
g i f t s  f r o m  C e l a m e r c k ,  I n g e l h e i m ,  W . G e r m a n y ,  w h o  a ls o  
s u p p l i e d  t he f o l l o w i n g  3 - p h e n o x y - N - a l k y l  b e n z a m i d e s ; 3 - ( 4 ‘-
c h l o r o - ) - p h e n o x y - N - m e t h y l  b e n z a m i d e  (CUR 50 2 5 ),  3 - ( 4 ' -
c h l o r o - ) - p h e n o x y - N - i s o p r o p y l  b e n z a m i d e  (CUR 5026 ), 3 -
p h e n o x y - N - m e t h y l  b e n z a m i d e  (CUR 4850) and 3 - p h e n o x y ^ N -  
p r o p e n y l  b e n z a m i d e  (CUR 4 91 4).
A l l  s u b s t i t u t e d  p h e n y l p y r i d a z i n o n e s , w i t h  the 
e x c e p t i o n  of SA N 97 89  (n o r f l u r a z o n ), w e r e  k i n d l y  s u p p l i e d  by
B . A . S . F . ,  L u d w i g s  ha f e n , W . G e r m a n y ;  SA N 9789 w a s  a g e n e r o u s  
g i f t  f r o m  th e S a n d o z  C o m p a n y ,  Basel,  . B . A . S . F .
a l s o  s u p p l i e d  th e f o l l o w i n g  3 - p h e n o x y - N - a l k y l  b e n z a m i d e s ;  3- 
( 2 ' - c h l o r o - , 4 ’- t r i f l u o r o m e t h y l - )- p h e n o x y - N - e t h y l  b e n z a m i d e
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(BAS 1 77 1 83) and 3 - ( 2 ' , 5 ' - d i m e t h y l - ) - p h e n o x y - 6 - n i t r o - I N -
e t h y l  b e n z a m i d e .
T h e  f o l l o w i n g  3 - p h e n o x y - H - a l k y l  b e n z a m i d e s  w e r e  
g e n e r o u s  g i f t s  f r o m  S u m i t u m o  C o m p a n y  L i m i t e d ,  T a k a r a z u k a ,  
J ap a n ;  3 - p h e n o x y - N - e t h y l  b e n z a m i d e  (S-3 141) and 3 -(2' ,5'- 
d i m e t h y l - ) p h e n o x y - N - e t h y l  b e n z a m i d e  (S - 34 2 2 ).
Th e  d i p h e n y l e t h e r s , o x y f l u o r f e n  and RH 1 93 9 ,  w e r e  
k i n d l y  s u p p l i e d  by R o h m  and H as s  L i m i t e d ,  S p r i n g h o u s e ,  
P e n n s y l v a n i a ,  U. S . A .  D i p h e n y l  c o m p o u n d s  u s e d  for i n h i b i t o r s  
w e r e  p u r c h a s e d  f r o m  A l d r i c h - E u r o p e , N e t t e t a l ,  W . G e r m a n y .
2 : 1 : 5  O R G A N I S M S
P h v c o m v c e s  b l a k e s l e e a n u s  C 115 [c a r S4 2 . ma d 107(-)]
a s u p e r y e l l o w  m u t a n t ,  w a s  a g i f t  f r o m  P r o f e s s o r  E. C e r d a -  
O l m e d o ,  D e p a r t a m e n t o  de  G e n e t i c a ,  U n i v e r s i d a d  de S e v i l l a ,  
S e v i l l a , Sp ain .
A p h a n o c a p s a  6714 (ATC C 27 17 8 )  w a s  o b t a i n e d  f r o m  
th e  U n i v e r s i t y  of G o t t i n g e n ,  W . G e r m a n y .
2:2 M E T H O D S
2:2:1 G R O W T H  A N D  M A I N T E N A N C E  C O N D I T I O N S
2 : 2: 1 : 1 P h v c o m v c e s  b l a k e s l e e a n u s .  P h v c o m v c e s  w a s
m a i n t a i n e d  on n u t r i e n t  a g a r  s l o p e s  and s t o r e d  at 4 ° C . The 
n u t r i e n t  a g a r  m e d i u m  c o n t a i n e d ,  per l i t r e  d i s t i l l e d  w a t e r :
L - A s p a r a g i n e  2g
D - G l u c o s e  2 Og
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N u t r i e n t  A g a r  2 Og
50x - C o n c e n t r a t e  20 m l
T he  5 Ü X -  C o n c e n t r a t e  c o n t a i n e d ,  per 10 0 m l  d i s t i l l e d  w a t e r :
K H g P O ^  25g
M g S O ^  2.5g
14 % W / W  C a C l 2  S o l u t i o n  1ml
T h i a m i n e  H y d r o c h l o r i d e  1Omg
T r a c e  E l e m e n t  S o l u t i o n  0 . 5 m l
Th e t r a c e  e l e m e n t  s o l u t i o n  c o n t a i n e d ,  per 1 0 0 m l  d i s t i l l e d  w a t e r
C i t r i c  A c i d  ( M o n o h y d r a t e )  2g
F e f N O j ) ^ .  S H g O  1.5g
Z n S O  ^  . 7H 2 O ; •Og
M n S O ^  . H gO 0.3g
C u S O ^  . S H g O  0 . 0 5 g
N a g M o O ^  . 2 H 2 O 0. 05 g
S l o p e s  w e r e  p r e p a r e d  by p o u r i n g  a l i q u o t s  (2 ml) of
hot (60° C ) s t e r i l e  m e d i u m  i n t o  s t e r i l e  t e s t  tubes- and
a l l o w i n g  to c o o l  at a p p r o x i m a t e l y  15° to t h e  h o r i z o n t a l .
W h e n  cool, s l o p e s  w e r e  a s e p t i c a l l y  i n o c u l a t e d  w i t h
s p o r a n g i a  f r o m  a m a t u r e  c u l t u r e ,  p l u g g e d  w i t h  c o t t o n  w o o l
and g r o w n  for s e v e n  d a y s  at 2 4 ® C  u n d e r  c o n s t a n t  i l l u m i n a t i o n
(35 W / m 2 ) .  M a t u r e  s l o p e s  w e r e  t h e n  s e a l e d  w i t h  p a r a f f i n  w a x
o
and s t o r e d  at 4 C .
M y c e l i u m  w a s  g r o w n  in th e f o l l o w i n g  l i q u i d  m e d i u m :
^ - G l u c o s e  2 5g
L.-Asparagine 2 .5 g
M g S O ^  . 7 H 2 O 0 .5 g
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pe r l i t r e  
d i s t i l l e d  H 2 O
K H 2 P O 4 1 . 5 g
Y e a s t  E x t r a c t  0. 5 g
T h i a m i n e  h y d r o c h l o r i d e  0 . 2 5 m g
per litre 
distilled H 2 0
T h e  a b o v e  m e d i u m  (2.5 1) w a s  a u t o c l a v e d  ( 1 2 0  C for 
15 m i n . )  in a l a rg e ,  f l at  ( 3 . 5  1) ' m e d i c i n e  bo t t l e "  f l a s k  
( ma d e  by S c h o t t ,  M a i n z ,  W . G e r m a n y )  t h a t  had b e e n  a d a p t e d  for 
a ir p e r c o l a t i o n .  W h e n  cool, th e f l a s k  w a s  i n o c u l a t e d  by 
a s e p t i c a l l y  w a s h i n g  s p o r e s  f r o m  t h r e e  a g a r  s l o p e s  i n t o  the  
m e d i u m ,  i n c u b a t e d  for 6 0 h at 2 0  o c u n d e r  c o n s t a n t  
i l l u m i n a t i o n  ( 3 5 W / m ^  ) and a g i t a t i o n  ( 1 0 0  a g i t a t i o n s  pe r  
m i n u t e ) .  Th e c u l t u r e s  w e r e  p e r c o l a t e d  w i t h  f i l t e r e d  air 
( 5 0 m l / m i n )  t h r o u g h o u t  g r o w t h .
T he  m y c e l i u m  w a s  h a r v e s t e d  by p a s s i n g  t he  c u l t u r e  
t h r o u g h  t wo  l a y e r s  of c l e a n  n y l o n  g a u z e .  Th e m y c e l i u m  w as  
t h o r o u g h l y  w a s h e d  w i t h  t a p  w a t e r ,  t h e n  w i t h  d i s t i l l e d  w a t e r ,  
and f i n a l l y  s q u e e z e d  d r y  and w e i g h e d .
One  2.5 1. f l a s k  t y p i c a l l y  y i e l d e d  4 0 - 6 0 g  m y c e l i a  
(wet w e i g h t ).
2 : 2 : 1 : 2 A o h a n o c a p s a  6714. A o h a n o c a o s a  c e l l s  w e r e  g r o w n  in 
1 l i t r e  F e r n b a c h  f l a s k s  w i t h  p e r c o l a t i o n  by f i l t e r e d  air 
( l O m l / m i n ) ,  u n d e r  c o n s t a n t  i l l u m i n a t i o n  (15 W / m ^)  at 35 C ° i n  
a s t e r i l e  m e d i u m  d e v i s e d  for t he  a u t o t r o p h i c  g r o w t h  of 
S c e n e d e s m u s  a c u t u s  ( S a n d m a n n  and Boger, 1980). It w a s  
s u b c u l t u r e d  r e g u l a r l y ,  t y p i c a l l y  a f t e r  s e v e n  d a y s  g r o w t h .
The i n c u b a t i o n  m e d i u m  c o n t a i n e d  pe r l i t r e : -
KN O 3  1 0 Omg
N a H 2 P 0 4 .2 H % 0  2 3 4 m g
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K H 2 P 0 4  
M g S O ^ .7 H 2 O 
CaClg•ZHgO
F e (N O 3 )3 .9H20  
T i t r i p l e x  III 
A I 2 (S O 4 . I 6 H 2 O  
M n C l 2 .4 H 2 O 
C 0 S O 4 .7H2 0 
Z n S 0 4 .7 H 2  0 
H 3  B O 3
(NH4)6Mo?0 2 4 .4H20
N H 4 V O 3
NiS04.7H20
KI
KBr
L i C l
C U S O 4  . 5 H2  0
7 3 5 m g
4 9mg
1 . 03mg  
1.4 5mg 
1 3 . 5mg 
1 2  . 6 g
1 Opg
2  . Bjug 
6  . 3pg
3 1 fjg
1 2 .3pg
2 . 9pg 
2B|jg 
2 50 p g  
24 Opg 
8  . 5jjg
5 g
T hi s  w a s  a d j u s t e d  to pH 7.8 w i t h  K O H .
2 :2:2 P R E P A R A T I O N  OF C E L L  F R E E  E X T R A C T S
2 : 2 : 2 : 1 P h v c o m v c e s  b l a k e s l e e a n u s . W a s h e d ,  h a n d d rie d,
m y c e l i u m  w a s  cut i n t o  c o n v e n i e n t l y  si z e d  p i e c e s  and
l y o p h i l i s e d  u n d e r  r e d u c e d  p r e s s u r e  ( l O O p M  Hg, cold t r a p  at 
0
-90 C ) for BOh on a 1 0 - 1 4 8  M R B A  c o n t i n u o u s  f r e e z e  d r y i n g
a p p a r a t u s  ( mad e by V i r t i s , N e w  York, U . S . A . ) .  Th e f r e e z e
d r i e d  m a t e r i a l  w a s  w e i g h e d  and s t o r e d  in a i r t i g h t  c o n t a i n e r s  
0
at -20 C for p e r i o d s  of up to one m o n t h ,  or for l o n g e r  u n d e r  
l i q u i d  n i t r o g e n .
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F r e e z e  d r i e d  m y c e l i u m  w a s  r u b b e d  t h r o u g h  a 4 0 - m e s h  
s i e v e  o n t o  a l u m i n i u m  f o i l  and w e i g h e d .  Th e p o w d e r  w a s
p o u r e d  i n t o  a 5 0 m l  c e n t r i f u g e  t u b e  and m i x e d  i n t o  a d o u g h -  
l i k e  p a s t e  (1:5 w /v)  w i t h  4 0 0 m M  T r i s - H C I  bu f f e r ,  pH 7.8. 
T he  p a s t e  w a s  t h e n  c e n t r i f u g e d  for 30 min. at 4 ^ C and 1 2 0 0 Oa 
( S o r v a l l ,  R C7 - B )  and th e s u p e r n a t a n t  u s e d as the c e l l  — f re e  
e x t r a c t .
2 : 2 : 2 : 2_______ A o h a n o c a o s a . A f o u r - d a y - o l d  c u l t u r e  c o n t a i n i n g
a p p r o x i m a t e l y  15^g c h l o r o p h y l l / m l  A o h a n o c a o s a  c e l l
s u s p e n s i o n  w a s  h a r v e s t e d  by c e n t r i f u g a t i o n  for 1 0  m i n u t e s  at 
o
4 C and 4 4 0 a . ( B e c k m a n  , J2 - 21). T h e c e l l s  w e r e
r e s u s p e n d e d  in 1 0 m m  T r i c i n e  [N.-t r i s - ( h y d r o x y m e t h y l  )- m e t h y l  
g l y c i n e ]  - N a O H  b u f f e r ,  pH 7.8 (400m l) , s u p p l e m e n t e d  w i t h
1 Om M M g C l 2  . 2 . 5m M N a ^ H P O ^ ,  2 . 5m M K 2 HPO 4  and 0 . 5 M  s u c r o s e
and r e c e n t r i f u g e d  u n d e r  the s a me  c o n d i t i o n s .
Th e w a s h e d  c e l l s  w e r e  r e s u s p e n d e d  in a s m a l l  
v o l u m e  ( a p p r o x i m a t e l y  20ml) of s u p p l e m e n t e d  T r i c i n e - N a O H ,  pH
w as
7 . 8 , and the s u s p e n s i o n ^ d i v i d e d  b e t w e e n  two 5 0 m l  c e n t r i f u g e  
t u b e s .  S p h e r o p l a s t s  w e r e  p r e p a r e d  f r o m  t h e s e  c e l l s  by 
i n c u b a t i n g  w i t h  l y s o z y m e  ( 8 m g / m l  c e l l  s u s p e n s i o n )  for two 
h o u r s  at 3 5 ° C  w i t h  c o n s t a n t  s t i r r i n g  (Sp il l er ,  1980).
o
S p h e r o p l a s t s  w e r e  s u b s e q u e n t l y  c e n t r i f u g e d  at 4 C,
900a for five minutes, the supernatant/discarded and the
p e l l e t s  p o o l e d  and r e s u s p e n d e d  in 4 0 0 m M  T r i s - H C I - b u f f e r ,
0
pH 7.8 (40ml). Th is  s u s p e n s i o n  w a s  c e n t r i f u g e d  at 900a. 4 C 
for f i v e  m i n u t e s ,  t he c l e a r  s u p e r n a t a n t  c a r e f u l l y  d e c a n t e d  and 
th e p e l l e t  r e s u s p e n d e d  in T r i s - H C I ,  pH 7.8, to g i v e  a c h l o r o ­
p h y l l  c o n c e n t r a t i o n  of b e t w e e n  2 5 0 - 5 0 0  jug per m l  s u s p e n s i o n .
T h i s  f i n a l  s u s p e n s i o n  w a s  us ed as a c e l l - f r e e  e x t r a c t .
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2:2:3 CELL FREE INCUBATION MIXTURES AND CONDITIONS
C e l l  — f r e e  i n c u b a t i o n s  w e r e  p e r f o r m e d  in t a p e r e d ,  
g r a d u a t e d  ( 0 - 1 5ml), g l a s s  c e n t r i f u g e  t u b e s  (S i l b e r b r a n d , 
m a n u f a c t u r e d  by Brand , Main, W . G e r m a n y ) .  Th e s t a n d a r d
i n c u b a t i o n  (0.5ml) m i x t u r e  c o n t a i n e d
AT P 5 p m o l
N A D  0 . 5 y m o l
G l u t a t h i o n e  10 p m o l
M n C l 2  3 p m o 1
M g S O  4 _ 2 p m o l
R a d i o a c t i v e  s u b s t r a t e  
C e l l  f r e e  e x t r a c t  2 0 0 ^ 1
d i s s o l v e d  in 1 7 5 p l  
T r i s - H C I , pH 7.8
d i s s o l v e d  in 2 5 p l  
w a t e r
as s p e c i f i e d  in t e x t
An y  o t h e r  v a r i a t i o n s  to b a s i c  i n c u b a t i o n  c o n t e n t s  
a re  d e s c r i b e d  in th e r e l e v a n t  r e s u l t s  s e c t i o n .
NOTE
All the results presented in this thesis are average values obtained 
from duplicate incubations. They were verified by repeat experiments, 
again with duplicate incubations.
2: 2 : 4 A N A L Y S I S  OF R E A C T I O N  M I X T U R E S
E x t r a c t i o n  and p u r i f i c a t i o n  p r o c e d u r e s  w e r e  
a d a p t e d  f r o m  t h o s e  of B r a m l e y  and D a v i e s  (1974).
M e t h a n o l  (3.5m l)  w as  a d d e d  to e a c h  i n c u b a t i o n
m i x t u r e ,  w h i c h  w a s  t h e n  g e n t l y  a g i t a t e d  on a r o t a r y  m i x e r
( 1 0 s ) . L i g h t  p e t r o l e u m  (b.p. 60°- 8Q0C, 9ml), t o g e t h e r  w i t h
a s o l u t i o n  of c a r r i e r s  (2Qpl), c o n t a i n i n g  p h y t o e n e  (app rox .
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25jjg) and t r a c e s  of p h y t o f l u e n e ,  w e r e  t h en  ad de d. I n c u b a t i o n s  
w i t h  c e l l  e x t r a c t s  of P .b l a k e s l e e a n u s  w e r e  e x t r a c t e d  w i t h  
c a r r i e r  s o l u t i o n  t h a t  a l s o  c o n t a i n e d  p - c a r o t e n e  (lOpg) and 
s q u a l e n e  (15 pg). T u b e s  w e r e  s e a l e d  w i t h  a r u b b e r  cap, 
s h a k e n  v i g o r o u s l y  (40s) and the c o n t e n t s  w a s h e d  i n t o  a 
p a r t i t i o n i n g  f u n n e l  ( 1 0 0 ml) t h a t  c o n t a i n e d  s a t u r a t e d  salt  
s o l u t i o n  (50ml) and l i g h t  p e t r o l e u m  (b.p. 6 0 ° - 8 0 ° ,  10ml).
T he  a q u e o u s  h y p o p h a s e  w a s  d i s c a r d e d  and th e  
e p i p h a s e  d e l i v e r e d  i n t o  a t e s t  t u b e  c o n t a i n i n g  a s m a l l  
a m o u n t  (ap p ro x.  1 g ) of a n h y d r o u s  s o d i u m  s u l p h a t e .
The d r i e d  p e t r o l e u m  s o l u t i o n  w a s  d e c a n t e d  i n t o  a 
r o u n d  b o t t o m  f l a s k  ( 1 0 0 ml), t o g e t h e r  w i t h  w a s h i n g s  (app ro x.  
10ml) and e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e .  T h e  s o l u t i o n  
( 1  ml) w a s  t r a n s f e r r e d  to a t a p e r e d ,  g r a d u a t e d  t u b e  and the 
f l a s k  w a s h e d  t w i c e  w i t h  d i e t h y l  e t h e r  ( 2 x 1 ml).
T he  s o l u t i o n  w a s  t h e n  e v a p o r a t e d  to n e a r  d r y n e s s
u n d e r  a s t r e a m  of n i t r o g e n ,  the t u b e  p l u n g e d  i n t o  ice and
l i g h t  p e t r o l e u m  (b.p. 6  0° - 80°, 50pl) a p p l i e d  a r o u n d  th e
rim. T he  r e s u l t a n t  s o l u t i o n  w a s  t h e n  a p p l i e d  as a b and
(4 cm) o n t o  a s i l i c a  g e l - G  p l a t e  (5 x 20cm, 0 . 2 5 m m  th i c k ) ,
t o g e t h e r  w i t h  a d i e t h y l  e t h e r  (50jul) wa s h.
S i l i c a  g e l  p l a t e s  w e r e  d e v e l o p e d  in p e t r o l e u m
(b.p. 100° -, 1 4 0 ° C )/t o l u e n e  (9:1 to 14:1 v/v, d e p e n d i n g  on
th e h u m i d i t y )  and a 2 cm b and  c o n t a i n i n g  p - c a r o t e n e  and 
p h y t o e n e  ( t y p i c a l  Rf = 0.5 - 0.6) p r o m p t l y  s c r a p e d  o f f  i n t o  
a p l u g g e d  f i l t e r  f u n n e l .  The p i g m e n t s  w e r e  e l u t e d  i n t o  
a c l e a n  t a p e r e d  t u b e  by the i m m e d i a t e  a d d i t i o n  of d i e t h y l
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e t h e r  ( 5 ml) and th e e l u a t e  e v a p o r a t e d  to n e a r  d r y n e s s  u n d e r  
a s t r e a m  of n i t r o g e n .
0  o
L i g h t  p e t r o l e u m  (b.p. 60 - 80 , 50jUl) w a s  a d d e d
to t he  i c e - c o o l e d  tube, the s o l u t i o n  a p p l i e d  o n t o  an a l u m i n a  
p l a t e  ( 6 . 6  x 2 0 cm, 0 . 1 m m  t h i c k  and i m p r e g n a t e d  w i t h  a
f l u o r e s c e n t  i n d i c a t o r )  t o g e t h e r  w i t h  on e w a s h  ( li ght  
p e t r o l e u m ,  50 jul) and t he  p l a t e  d e v e l o p e d  in p e t r o l e u m  (b.p. 
1 00 ^  - 140° C ^ - d i e t h y l  e t h e r  (32:1 by vol., or g r e a t e r ,
d e p e n d i n g  on h u m i d i t y ) .
P h y t o e n e  and p h y t o f l u e n e  b a n d s  ( t y p i c a l  Rf's 0.75 
and 0.55, r e s p e c t i v e l y )  w e r e  l o c a t e d  by v i e w i n g  u n d e r  n e ar  
u.v. l i g h t  ( X = 3 20n m) and, t o g e t h e r  w i t h  the p - c a r o t e n e
b a n d  ( t y p i c a l  Rf = 0.4) w e r e  s c r a p e d  o f f  i n t o  s e p a r a t e  m i n i -  
v i a l s  (Pico "Ha ng - In "  vi als ; P a c k a r d ,  G r o n i n g e n ,  H o l l a n d )  
c o n t a i n i n g  u n i v e r s a l  l i q u i d  s c i n t i l l a t i o n  f l u i d  ( P a c k a r d  
In st a g el  -2 ,3 ml). S q u a l e n e  w a s  l o c a t e d  on th e d r i e d  S i l i c a  
g e l  p l a t e  by e x p o s u r e  to i o d i n e  v a p o u r  ( t y p i c a l  Rf 0.75) and 
t h i s  w a s  a l s o  s c r a p e d  i n t o  a m i n i - v i a l .
S a m p l e  r a d i o a c t i v i t y  w a s  a s s a y e d  in a l i q u i d
s c i n t i l l a t i o n  c o u n t e r  ( P a c k a r d  T r i - C a r b ,  M o d e l  574; 10 min.
p er vi al ) . C o r r e c t i o n  for q u e n c h i n g  w a s  a c c o m p l i s h e d  f r o m  a 
q u e n c h  c o r r e c t i o n  c u r v e  c o n s t r u c t e d  f r o m  c o u n t i n g  e f f i c i e n c y  
v e r s u s  b l u e  (E-OO, 5 0 - 1 0 0 0 ) :  g r e e n  (C-D, 3 0 - 3 0 0 )  c h a n n e l
r a t i o s .
A u t o r a d i o g r a p h y  ( s pa r k  c h a m b e r )  of d e v e l o p e d
a l u m i n a  p l a t e s  r e v e a l e d  the d i s c r e t e  r a d i o a c t i v e  b a n d s  th a t
c o i n c i d e d  w i t h  th e p o s i t i o n s  of p h y t o e n e  and p - c a r o t e n e .
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Omniixer) and th e l i p i d  e x t r a c t  f i l t e r e d  by s u c t i o n  t h r o u g h  a
2 : 2 : 5  P R E P A R A T I O N  OF P H Y T O E N E  - P H Y T O F L U E N E  C A R R I E R  S O L U T I O N
2 ; 2 ; 5 ; 1_______ G r o w t h  of P . b l a k e s l e e a n u s . The Cl 15 s t r a i n  of
P . b l a k e s l e e a n u s  w a s  g r o w n  in l i q u i d  m e d i u m  c o n t a i n i n g  
d i p h e n y l a m i n e  ( a p p r o x i m a t e l y  70 pM; see S e c t i o n  2 : 2 : 2 : 1) . 
A f t e r  60h, m y c e l i a  w a s  h a r v e s t e d ,  w a s h e d  and s q u e e z e d  d r y  as 
p r e v i o u s l y  d e s c r i b e d  ( 2  : 2  : 2  : 1 ) .
2 : 2 : 5 : 2 L i o i d  E x t r a c t i o n  and S a p o n i f i c a t i o n . H a n d  d r y
m y c e l i u m  w a s  r e - s u s p e n d e d  in a c e t o n e ,  h o m o g e n i z e d  ( S o r v a l l -
T
s i n t e r e d  g l a s s  f u n n e l .  T hi s p r o c e s s  w a s  r e p e a t e d  o n c e  m o r e
w i t h  a c e t o n e ,  t h e n  t h r e e  t i m e s  w i t h  d i e t h y l  e t h e r  a f t e r
w h i c h  t he  f i l t r a t e s  w e r e  p o o l e d  and p a r t i t i o n e d  a g a i n s t
w a t e r .  The  h y p o p h a s e  w a s  d i s c a r d e d  and the e p i p h a s e
d r i e d  o v e r  a n h y d r o u s  N a p S O ^  (90 m i n . )  b e f o r e  b e i n g  f i l t e r e d
o
and the  s o l v e n t  e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e  at 40 C.
The l i p i d s  w e r e  t h e n  s a p o n i f i e d  in m e t h a n o l i c  KOH
6
( 6 % w/v)  in t o t a l  d a r k n e s s  (60 C, 10 m i n . ) ,  c o o l e d  and the  
u n s a p o n i f i a b l e  l i p i d s  e x t r a c t e d  by p a r t i t i o n  a g a i n s t  d i e t h y l  
e t h e r  (3x). The  p o o l e d  d i e t h y l  e t h e r  e x t r a c t s  w e r e  w a s h e d
by p a r t i t i o n  a g a i n s t  w a t e r  (3x), d r i e d  o v e r  a n h y d r o u s  N a 2 S 0 4
S
( 1 h ), and t h e  s o l v e n t ^ e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e .
2 : 2 : 5 : 3_______ S e p a r a t i o n  of P h v t o e n e  and P h v t o f l u e n e .
P h y t o e n e  and p h y t o f l u e n e  w e r e  s e p a r a t e d  by c h r o m a t o g r a p h y  on
an a l u m i n i u m  o x i d e  c o l u m n  (lOg, B r o c k m a n n  a c t i v i t y  g r a d e
III) e l u t e d  w i t h  l i g h t  p e t r o l e u m  (b.p. 60° - 8 0°  C). The
e f f l u e n t  w a s  m o n i t o r e d  by u.v. a b s o r b t i o n  { \  = 285 nm)
and by s p o t t i n g  s a m p l e s  o n t o  t h i n  l a y e r s  i r r a d i a t e d  w i t h
u.v. l i g h t  ( A = 325 nm). F r a c t i o n s  c o n t a i n i n g  s i g n i f i c a n t
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a b s o r b a n c e  at 2 8 5 n m  a n d / o r  s h o w i n g  b r i g h t  g r e e n  f l u o r e s c e n c e  
w e r e  p o o l e d  and e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e  to a s m a l l  
v o l u m e .  T h e  s o l u t i o n  w a s  t r a n s f e r r e d  to an a i r t i g h t  d a r k  
b o t t l e  and s t o r e d  at - 2 0 ° C.
2 : 2 ; 5 : A S o e c t r o o h o t o m e t r i c  A n a l v s i s .  A b s o r b a n c e  of a
s a m p l e  of c a r r i e r  s o l u t i o n  (1 ml.) w a s  m e a s u r e d  f r o m  250
4 5 0 n m  in a d o u b l e - b e a m  s p e c t r o p h o t o m e t e r  ( P y e - U n i c a m ,  SP
o o
1800) a g a i n s t  l i g h t  p e t r o l e u m  (b.p. 60 - 80 C). A b s o r b a n c e
m a x i m a  w e r e  d e t e r m i n e d  to be 2 8 5 n m  for p h y t o e n e  and 3 4 5 n m  
fo r p h y t o f l u e n e
2 : 2 : 6  P R E C A U T I O N S  FOR W O R K I N G  W I T H  C A R O T E N O I D S
S i n c e  c a r o t e n o i d s  ar e i n h e r e n t l y  u n s t a b l e ,  it w a s
e s s e n t i a l  t h a t  u n d u e  e x p o s u r e  to l i g h t  or h e a t  w a s  a v o i d e d .
W h e r e v e r  p o s s i b l e ,  m a n i p u l a t i o n s  (a ft e r c a r o t e n o i d
2
e x t r a c t i o n )  w e r e  p e r f o r m e d  in d i m  ( 5 m W / m  ) y e l l o w - g r e e n  
l i g h t  and a l l t e r p e n o i d  s o l u t i o n s  s t o r e d  on ice.
E v a p o r a t i o n  u n d e r  r e d u c e d  p r e s s u r e  w a s  p e r f o r m e d  
in r o u n d  b o t t o m  f l a s k s  c o v e r e d  in a l u m i n i u m  foil.
C a r o t e n o i d  s o l u t i o n s  s t o r e d  for p r o l o n g e d  p e r i o d s
o
(e.g. c a r r i e r  s o l u t i o n s )  w e r e  k e pt  at - 2 0  C .
2 : 2 : 7  D E T E C T I O N  OF R A D I O A C T I V I T Y  ON T H I N  L A Y E R  P L A T E S
14
R a d i o a c t i v i t i y  f r o m  C on t h i n  l a y e r  p l a t e s  of a
2
d e n s i t y  in e x c e s s  of 1 Q 0 0 d p m / c m  w e r e  d e t e c t e d  w i t h  a s p a r k  
c h a m b e r  ( B i r c h o v e r  I n s t r u m e n t s ,  L e t c h w o r t h ,  H e r t s . )
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C H A P T E R  3
C O F A C T O R  R E Q U I R E M E N T S  OF T H E C A R O T E N O G E N I C  
C E L L - F R E E  S Y S T E M S
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3 . 1 INTRODUCTION
Y o k o y a m a  and c o - w o r k e r s  (1962) r e p o r t e d  t h a t  a 
c e l l  e x t r a c t  f r o m  P . b l a k e s l e e a n u s  c o n v e r t e d  [ 2 - ^ ^ C ] M V A  i n t o  
P - c a r o t e n e .  A l t h o u g h  t h e s e  w o r k e r s  f o u n d  s om e  c o f a c t o r  
r e q u i r e m e n t s  for the o v e r a l l  c o n v e r s i o n  of M V A  i n t o  
p - c a r o t e n e  w i t h  th i s sy st em ,  the r e q u i r e m e n t s  for eac h  
i n d i v i d u a l  r e a c t i o n  w e r e  not e l u c i d a t e d  (See S e c t i o n  1 : 3 : 5 : 2).
The s y s t e m  f r o m  P . b l a k e s l e e a n u s  w a s  r e f i n e d  by 
B r a m l e y  and D a v i e s  (1974) w h o  d e v e l o p e d  the use of s iev ed ,  
f r e e z e - d r i e d ,  m y c e l i a  to p r o d u c e  t he  h o m o g e n a t e .  S uc h  a
m e t h o d  e n a b l e d  h i g h l y  a ct i v e ,  c o n c e n t r a t e d  e x t r a c t s  to be 
p r e p a r e d  and e n a b l e d  m y c e l i a  to be s t o r e d  at - 2 0 ° for up to 
a m o n t h .  It w a s  n o t e d  t h a t  for f r e e z e  d r i e d  m a t e r i a l  to 
e f f i c i e n t l y  c o n v e r t  M V A  i n t o  t e r p e n o i d s ,  it had to be 
a b s o l u t e l y  dry. An a t t e m p t  by t h e s e  w o r k e r s  to a s s e s s  the 
c o f a c t o r  r e q u i r e m e n t s  of the  c e l l  —  f r e e  s y s t e m  w a s  
u n s u c c e s s f u l  s i n c e  p r o l o n g e d  d i a l y s i s  r e s u l t e d  in 
d é n a t u r a t i o n  of t he  e n z y m e s .  No c o f a c t o r  r e q u i r e m e n t s  for 
c a r o t e n o g e n e s i s  w i t h  A o h a n o c a o s a  e x t r a c t s  haVe b e e n  r e p o r t e d .
In th i s  c h a p t e r  the r e s u l t s  of i n v e s t i g a t i o n s  in t o  
t he  c o f a c t o r  r e q u i r e m e n t s  of the c a r o t e n o g e n i c  s y s t e m s  f r o m  
P h v c o m v c e s  and A o h a n o c a o s a  6  7 14 are p r e s e n t e d .
3:2 A D D I T I O N A L  M A T E R I A L S  A N D  M E T H O D S
3:2: 1 R E M O V A L  OF E N D O G E N O U S  C O F A C T O R S
A 2.5:1 (v/w) e x t r a c t  p r e p a r e d  f r o m  l y o p h i l i s e d  
P h v c o m v c e s  m y c e l i a  w a s  p r e p a r e d  as d e s c r i b e d  e a r l i e r
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( S e c t i o n  2 : 2 : 2 : 1 ) . Th is  w a s  t h e n  p a s s e d  t h r o u g h  a c o l u m n  of 
S e p h a d e x  G 25 s u p e r f i n e  ( I c m ^ c r o s s  s e c t i o n  a rea  x 24 cm 
h e i g h t )  e q u i l i b r a t e d  w i t h  4 0 O m M T r i s H C 1, pH 7.8 at a f l o w  
r a t e  of a p p r o x i m a t e l y  300fjl/min. T he  f r a c t i o n  e l u t i n g  in the 
v o i d  v o l u m e  w a s  c o l l e c t e d .  T h e s e  e x t r a c t s  w e r e  us ed in all 
e x p e r i m e n t s  d e s c r i b e d  in t his  c h a p t e r .
3 : 2 : 2  C O F A C T O R  S O L U T I O N S
In th e f i n a l  i n c u b a t i o n  m i x t u r e  the c o n c e n t r a t i o n s  
of c o f a c t o r s  w e r e  2 0 m M  GSH, 1OmM ATP, SmM M n C l 2 . 4mM  Mg S O^ ,  
and I m M  e a c h  of F A d T  N A D ^ a n d  NADPt
In e x p e r i m e n t s  u s i n g  h i g h  c o n c e n t r a t i o n s  of ATP, 
th e A TP  s t o c k  s o l u t i o n  w a s  p r e p a r e d  in 4 0 0 m M  T r i s  a d j u s t e d  
and a c i d i f i e d  to pH 7.8 w i t h  HC1.
3 : 2 : 3  A N A E R O B I C  I N C U B A T I O N S
A l l  a n a e r o b i c  i n c u b a t i o n s  w e r e  p e r f o r m e d  in 
T h u n b e r g  tu be s, p r e v i o u s l y  f l u s h e d  w i t h  n i t r o g e n  and 
e v a c u a t e d  w i t h  a w a t e r  p u m p  u n t i l  e f f e r v e s c e n c e  f r o m  the 
r e a c t i o n  m e d i u m  had c e a s e d .
3:3 R E S U L T S  A N D  D I S C U S S I O N
3: 3:1 E X P E R I M E N T S  W I T H  F I L T E R E D  E X T R A C T S  F R O M  P H Y C O M Y C E S
3 :3 : 1 : 1 Preliminary^ E x p e r i m e n t s . The r e s u l t s  of
e x p e r i m e n t s  u s i n g  f i l t e r e d  e x t r a c t s  i n c u b a t e d  a e r o b i c a l l y
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and a n a e r o b i c a l l y  in the p r e s e n c e  of v a r i o u s  c o f a c t o r s
( s t a n d a r d  c o n c e n t r a t i o n s )  w i t h  [2-14c]MVA (Fig. 3:1)
s u g g e s t  t h a t  o x y g e n  is n e c e s s a r y  for  p h y t o e n e  d e s a t u r a t i o n ,
s i n c e  s i g n i f i c a n t  i n c o r p o r a t i o n  i n t o  p  - c a r o t e n e  w a s
o b t a i n e d  o n l y  u n d e r  a e r o b i c  c o n d i t i o n s .  U n d e r  a n a e r o b i c
c o n d i t i o n s ,  l a r g e  i n c o r p o r a t i o n s  i n t o  b ot h  s q u a l e n e  and
p h y t o e n e  w e r e  o b s e r v e d ,  s u g g e s t i n g  t h a t  b o t h  of t h e s e
c o m p o u n d s  are n o r m a l l y  m e t a b o l i z e d  t h r o u g h  o x y g e n - d e p e n d e n t
p r o c e s s e s .  It is a l s o  a p p a r e n t  t h a t  the f i l t e r e d  e x t r a c t
c o n t a i n s  a N A D *  p h o s p h o r y l a t i n g  e n z y m e ,  s i n c e  i n c u b a t i o n s
c o n t a i n i n g  e i t h e r  n i c o t i n a m i d e  c o f a c t o r  had l a r g e
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i n c o r p o r a t i o n s  of C- l a b e l  i n t o  s q u a l e n e  (Fig. 3:1).
T he  e f f e c t  of th e n i c o t i n a m i d e  c o f a c t o r s  on c a r o t e n e
b i o s y n t h e s i s  w a s  u n c l e a r  f r o m  t h e s e  e x p e r i m e n t s .  The
r e s u l t s  f r o m  FAD'*'-con t a i n i n g  i n c u b a t i o n s  s u g g e s t  t h a t  this 
c o f a c t o r  d e c r e a s e s  i n c o r p o r a t i o n  i n t o  s q u a l e n e  and p e r h a p s  
p - c a r o t e n e ,  w h i l s t  i n c r e a s i n g  t he  i n c o r p o r a t i o n  i n t o
p h y t o e n e .
T e r p e n o i d  b i o s y n t h e s i s  f r o m  [ ^  ^  C ] IPP w a s
s t i m u l a t e d  by ATP  ( T a b l e  3:1). T he r e s u l t s  s h o w  t h a t  not 
o n l y  w a s  t h e i n c o r p o r a t i o n  i n t o  t o t a l  t e r p e n o i d s  h i g h e r  (by 
X 1.9) in th e p r e s e n c e  of ATP, but al s o the i n c o r p o r a t i o n  
i n t o  s q u a l e n e ,  p h y t o e n e  and p - c a r o t e n e  e x p r e s s e d  as a 
p e r c e n t a g e  of t o t a l  t e r p e n o i d  i n c o r p o r a t i o n .  The  e f f e c t
of ATP  is d i s c u s s e d  f u r t h e r  in S e c t i o n  3 : 3 : 1 : 4.
3: 3: 1 ; 2 O x y g e n .  The r e s u l t s  p r e s e n t e d  in T a b l e  3:2
(and Fig. 3:1) s u g g e s t  t h a t  p h y t o e n e  d e s a t u r a t i o n  i n t o  
p - c a r o t e n e  is o x y g e n  d e p e n d e n t .  In t he  a b s e n c e  of o x y g e n ,  the
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FIG. 3:1 INCORPORATION OF C’^ CIMVA INTO VARIOUS
TERPENOIDS BY FILTERED EXTRACTS OF PHYCOMYCES,
d p m X 1 0 “^
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AEROBIC INCUBATION ANAEROBIC INCUBATION
Filtered extracts incubated (2h, 2o®) with O.SjjCi 
Dl_ [2-*^C]MVA, standard concentrations (see 2:2:3) 
of GSH, ATP, , Mn^^ plus 1 pM concentrations of
D -  . 2INADP+ 3)NAD+, 4)FAD+, 5 ) FA D+a nd  NADP+,
6 )FAD+ and NADP+.
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TABLE 3:1 THE EFFECT OF ATP ON TERPENOID BIOSYNTHESIS
IN FILTERED EXTRACTS OF PHYCOMYCES
INCORPORATION FROM 
[ ’^ C] IPP INTO
+ ATP 
(lOmM)
-ATP
Total Terpenoid Fraction 746,605 (100%)* 395,216 (100%)*
Squalene 162,422 (21.8%)* 31,442 (8.45%)*
Phytoene 39,961 (5.36%)* 11,104 (1.75%)*
p -Carotene 17,328 (2.35%)* 6,915 (1.75%)*
♦Figures in brackets represent radioactivity as a 
percentage of the incorporation into the total 
terpenoid fraction.
—
Reaction fixtures contain^standard concentrations of MgSO^ MnCl 2 *
aoc/ yjere,
GSH and NAD ^incubated for 2h, aerobically with O.SpCi [1- '^]IPP
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TABLE 3:2 THE EFFECT OF OXYGEN ON TERPENOID BIOSYNTHESIS
IN FILTERED EXTRACTS OF PHYCOMYCES
INCORPORATION FROM 
[l4c]MVA INTO
+ 0
2 ■ ° 2
Total Terpenoid Fraction 331 , 822 (1 0 0 %)* 281,177 (100%)*
Squalene 107,563 (32.4%)* 101,349 (36.0%)*
Phytoene 26,651 (8.03%)* 62,990 (22.4%)*
p-Carotene 8 , 006 (2.41%)* 198 (0.07%)*
♦Figures in brackets represent radioactivity as a 
percentage of the incorporation into the total
terpenoid fraction.
Standard reaction mixtures (see 2:2:3) incubated for 2h with 
O.SpCi 0L-C2- ^ ^] MVA
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i n c o r p o r a t i o n  of l a b e l  i n t o  J 3 - c a r o t e n e  w a s  f o u n d  to be 
i n s i g n i f i c a n t ,  w h i l s t  the i n c o r p o r a t i o n  i n to  p h y t o e n e  w as  
m a s s i v e .  Th e h i g h  i n c o r p o r a t i o n  i n t o  p h y t o e n e  c a n n o t  be
e x p l a i n e d  by r e m o v a l  of end p r o d u c t  r e g u l a t i o n ,  s i n c e  the
m u t a n t  s t r a i n  of P h v c o m v c e s  us ed  (C 115, a c a r S m u t a n t )  l a c k s  
t hi s  r e g u l a t o r y  m e c h a n i s m .  S u ch  o v e r - a c c u m u l a t i o n  of
p h y t o e n e  w a s  a l s o  o b s e r v e d  w h e n  e x t r a c t s  of P h v c o m v c e s  w e r e  
i n c u b a t e d  in the p r e s e n c e  of i n h i b i t o r s  of p h y t o e n e
d e s a t u r a t i o n  (See C h a p t e r s  4, 5 and 6 ).
3 : 3 : 1 :3 N i c o t i n a m i d e  C o f a c t o r s .  Th e r e s u l t s  of
i n c u b a t i o n  of f i l t e r e d  c e l l — f r e e e x t r a c t s  of P h v c o m v c e  s w i t h  
[ 2 - ^ ^ C ] M V A  and a r a n g e  of N A a n d  N A D P  c o n c e n t r a t i o n s  (Figs. 
3.2 and 3:3) s h o w  t hat  o n l y  the s y n t h e s i s  of s q u a l e n e  is
a f f e c t e d  s i g n i f i c a n t l y  by the n i c o t i n a m i d e  c o f a c t o r
c o n c e n t r a t i o n  w h e r e  N A D P  a p p e a r s  to be the m o r e  e f f e c t i v e
c o f a c t o r .  At l o w  n i c o t i n a m i d e  c o n c e n t r a t i o n s  a s m a l l
U
i n c r e a s e  in the i n c o r p o r a t i o n  of C- l a b e l  i n t o  p h y t o e n e  
and p - c a r o t e n e  wa s d e t e c t e d .  T his  was m o s t  l i k e l y  d u e  to 
th e lo s s of s q u a l e n e  s y n t h e t a s e  a c t i v i t y ,  t hus  m a k i n g  m o r e  
i s o p r e n y l  p y r o p h o s p h a t e s  a v a i l a b l e  to p h y t o e n e  s y n t h e t a s e .  
It is t h e r e f o r e  c o n c l u d e d  t h a t  n e i t h e r  n i c o t i n a m i d e  c o f a c t o r  
is e s s e n t i a l  for c a r o t e n e  b i o s y n t h e s i s  in P h v c o m v c e s . or,
t h a t  the c o f a c t o r  is t i g h t l y  e n z y m e - b o u n d  s u ch  t hat  it 
c a n n o t  be r e m o v e d  by g e l - f i l t r a t i o n .
3 : 3 : 1 : 4 A d e n o s i n e  C o f a c t o r s .  The i n c o r p o r a t i o n  of
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[1- C ] I P P  i n t o  v a r i o u s  t e r p e n o i d s  w i t h  r e s p e c t  to ATP 
c o n c e n t r a t i o n ,  s u g g e s t s  t ha t the e n t i r e  t e r p e n o i d  p a t h w a y  is 
s t i m u l a t e d  by this c o f a c t o r  up to a 2 0 mM c o n c e n t r a t i o n
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FIG. 3:2 THE EFFECT OF NAD CONCENTRATION ON INCORPORATION
OF [I^IMVA INTO TERPENOIDS BY FILTERED PHYCOMYCES
EXTRACTS
d p m  X 1 0 -4
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p-C A R O T E N E1
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Filtered extracts were incubated aerobically (2h, 20°C)
in the presence of O.SpCi Dl> -[2-14ç]MVA and standard
concentrations (see 2:2:3) of MgS0 4 ,MnCl2 , GSH and ATP
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FIG. 3:3 THE EFFECT OF NADP+ CONCENTRATION ON
INCORPORATION OF [1^C]MVA INTO TERPENOIDS
BY FILTERED PHYCOMYCES EXTRACTS
d.p.m. X 1 0 ”^
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NADP C O N C E N T R A T I O N p M
Filtered extracts were incubated aerobically (2h, 20®C)
in the presence of 0.SpCî DL. -C2-^^CIMVA and standard
concentrations (see 2:2:3) of MgSO^, MnCl2, GSH and ATP.
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(Fig. 3.4). T h e  s t i m u l a t i o n  by A TP of a p a r t i a l l y  p u r i f i e d  
p h y t o e n e  s y n t h e t a s e  p r e p a r a t i o n  has b e e n  r e p o r t e d  ( M a u d i n a s  
et al.. 1977; S e c t i o n  1:3:5) and th e m o d e s t  i n c r e a s e  in 
^ - c a r o t e n e  i n c o r p o r a t i o n ,  o b s e r v e d  h e r e  w i t h  i n c r e a s i n g  ATP 
c o n c e n t r a t i o n  is p r o b a b l y  d u e  to i n c r e a s e d  p h y t o e n e  
s y n t h e t a s e  a c t i v i t y .  Th e s h a r p  r i s e  of i n c o r p o r a t i o n  i n t o  
s q u a l e n e ,  w i t h  r i s i n g  ATP c o n c e n t r a t i o n ,  m a y  be e x p l a i n e d  
in p a r t  by th e p h o s p h o r y l a t i o n  of NAD'^'in the r e a c t i o n  m e d i u m  
i n t o  N A D p T  an e s s e n t i a l  c o f a c t o r  for s q u a l e n e  s y n t h e t a s e .  
H o w e v e r ,  th e c l o s e  s i m i l a r i t y  of th e r e l a t i o n s h i p s  b e t w e e n  
ATP  c o n c e n t r a t i o n  and i n c o r p o r a t i o n  i n t o  s q u a l e n e ,  p h y t o e n e  
and " t o t a l "  t e r p e n o i d s ,  s u g g e s t s  th a t  t h i s  c o f a c t o r  m a y  
a f f e c t  the c o m m o n  i s o p r e n o i d  p y r o p h o s p h a t e  p a t h w a y .
It w a s  s u p p o s e d  t h a t  the a p p a r e n t  s t i m u l a t i o n  of
t e r p e n o i d  b i o s y n t h e s i s  by A TP m a y  h a v e  b e e n  c a u s e d  t h r o u g h
the p r o t e c t i o n  of i s o p r e n o i d  p y r o p h o s p h a t e s  f r o m  an a l k a l i n e
p h o s p h a t a s e  p r e s e n t  in the  c e l l  e x t r a c t .  T hi s h y p o t h e s i s
w a s  i n v e s t i g a t e d  by c o m p a r i n g  th e e f f e c t  on i n c o r p o r a t i o n  of
[ ^ ^ C ] I P P  i n t o  v a r i o u s  t e r p e n o i d s  by f i l t e r e d  e x t r a c t s  in the
p r e s e n c e  of e i t h e r  AMP, ADP, ATP, ATP w i t h  KF and ATP
w i t h o u t  M g S 0 4  , a g a i n s t  a c o n t r o l  c o n t a i n i n g  s t a n d a r d
c o n c e n t r a t i o n  of M g S O ^ ,  M n C l 2 , GSH and N A D *  Th e r e s u l t s
(Fig. 3:5) s u g g e s t  t h a t  the  d e g r e e  of s t i m u l a t i o n  by the
a d e n o s i n e  c o f a c t o r  is r e l a t e d  to the n u m b e r  of its p h o s p h a t e
g r o u p s ,  su ch t h a t  c o n t r o l  v a l u e s  a r e  s i m i l a r  to t h o s e  w i t h
1OmM AMP. The  a d d i t i o n  of 1OmM KF to A T P - c o n t a i n i n g  m e d i a
d id not s i g n i f i c a n t l y  a f f e c t  i n c o r p o r a t i o n ,  a l t h o u g h  the
2+
o m i s s i o n  of Mg g e n e r a l l y  i n c r e a s e d  i n c o r p o r a t i o n .
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FIG. 3:4 THE EFFECT OF ATP CONCENTRATION ON
INCORPORATION OF [I^CIMVA INTO TERPENOIDS
BY FILTERED PHYCOMYCES EXTRACTS
d.p.m. X 1 0 -3
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Filtered extracts were incubated aerobically (2h, 20 C)
with O.SpCi [1-14c]ipp and standard concentrations (see
2:2:3) of Mg SO MnCl 2 , GSH and NAot
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FIG. 3:5 I N C O R P O R A T I O N  OF  [ ^ C ]  I P P  I N T O  T E R P E N O I D S  IN 
T H E  P R E S E N C E  OF  V A R I O U S  A D E N O S I N E  P H O S P H A T E S  
BY FIL TE RE D E X T R A C T S  OF  P H Y C O M Y C E S
T OT AL  L I P I D S S Q U A L E N E
d p m. X 1 0 “ ^ d.p.m . % 10 "3
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Filtered extracts incubated aerobically (2h,20°) with Q.SpCi 
Ll-14c]ipp and standard concentrations (see 2:2:3) of MnCl 2 » 
MgSO^, GSH. NAD+ plus 1)- . 2)ATP (lOmM), 3)ADP (lOmM). 
4)AMP (lOmM), 5)KF and ATP (lOmM each. 6 )ATP (lOmM) without 
MgSO^.
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p o s s i b l y  t h r o u g h  p r e v e n t i o n  of AT P m e t a b o l i s m .  As 1OmM ATP 
is b e l o w  th e c o n c e n t r a t i o n  t h a t  c a u s e d  m a x i m u m  t e r p e n o i d  
i n c o r p o r a t i o n ,  it w a s  e x p e c t e d  t h a t  a d d i t i o n  of 1OmM KF 
w o u l d  h a v e  resulted In i n c r e a s e d  i n c o r p o r a t i o n  if th e e x t r a c t  
c o n t a i n e d  a f l u o r i d e - s e n s i t i v e  p h o s p h a t a s e .
It is c o n s e q u e n t l y  s u g g e s t e d  t h a t  A TP  s t i m u l a t e s  
b o t h  p h y t o e n e  and s q u a l e n e  s y n t h e t a s e s  a n d / o r  th e i s o p r e n y l  
t r a n s f e r a s e s  in P .b l a k e s l e e a n u s
3 : 3 : 1 : 5 D i v a l e n t  I o n s . T e r p e n o i d  b i o s y n t h e s i s  in f i l t e r e d  
e x t r a c t s  w a s  f o u n d  to be d e p e n d e n t  u p o n  d i v a l e n t  i on s  (Fig. 
3:6). T h is  r e q u i r e m e n t ,  a l t h o u g h  a b s o l u t e ,  is not s p e c i f i c  
for c a r o t e n o i d s  s i n c e  i n c o r p o r a t i o n  i n t o  v a r i o u s  t e r p e n o i d s  
w a s  f o u n d  w h e n  f i l t e r e d  e x t r a c t s  w e r e  i n c u b a t e d  w i t h  e i t h e r  
M n ^ +  (Fig. 3:7) or M g ^ +  (Fig. 3:8).
In the p r e s e n c e  of M n C l 2  (SmM), i n c r e a s i n g  
c o n c e n t r a t i o n s  of M g S O  ^ r e s u l t e d  in d e c r e a s i n g
i n c o r p o r a t i o n s  f r o m  [ 1 4 c ] I P P  i n t o  s q u a l e n e  and p h y t o e n e
(Fig. 3:8), w h i l s t  in the a b s e n c e  of M n C l 2  the r e v e r s e  wa s  
o b s e r v e d  (Fig. 3:7). In the p r e s e n c e  of M g S O ^  (4mM),
i n c r e a s i n g  c o n c e n t r a t i o n s  of M n C l 2  up to 3 . 6 m M  c a u s e d  
i n c r e a s i n g  i n c o r p o r a t i o n s  f r o m  [2-^^C]M V A  in t o p h y t o e n e  and 
s q u a l e n e  (Fig. 3:8); h i g h e r  c o n c e n t r a t i o n s ,  h o w e v e r ,  w e r e
i n h i b i t o r y .  The a p p a r e n t  i n h i b i t i o n  of t e r p e n o i d
b i o s y n t h e s i s  by Mg 2+ in the p r e s e n c e  of Mn2+ has b ee n
d i s c u s s e d  a b o v e  w i t h  r e s p e c t  to A TP  s t i m u l a t i o n  ( S e c t i o n  
3 : 3 : 1 : 4 ) . Th e I P P=t p h y t o e n e  s y n t h e t a s e  c o m p l e x ,  i s o l a t e d  
f r o m  red t o m a t o  f r u i t  p l a s t i d s ,  has a s t r i c t  r e q u i r e m e n t  for
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FIG. 3:6 THE EFFECT OF MAGNESIUM ION CONCENTRATION ON C^\]IPP
INCORPORATION, IN THE ABSENCE OF MANGANESE BY FILTERED
EXTRACTS OF PHYCOMYCES
d.p.m. X 1 0 “ 3
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Each incubation contains 0.5pCi [I4c]ipp, standard 
concentrations (see 2:2:3) of GSH, ATP and NAD+; 
no MnCl 2 »
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FIG. 3:7 THE EFFECT OF MAGNESIUM ION CONCENTRATION ON
[ 14c]lPP INCORPORATION, IN THE PRESENCE OF
MANGANESE. BY FILTERED EXTRACTS OF PHYCOMYCES
d.p.m. X 10 "3
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F i l t e r e d  e x t r a c t s  i n c u b a t e d  ( 2 h , 2 0 ® C )  w i t h  O.SfjCi; [ l ^ c j i p p
and s t a n d a r d  c o n c e n t r a t i o n s  (see 2 : 2 : 3 )  of MnCl 
A T P  a nd  N A D  t
GSH.
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FIG. 3:8 THE EFFECT OF MANGANESE CONCENTRATION ON
[14c ] m v a i n c o rpo ratio n into t e r peno ids by
FILTERED PHYCOHYCES EXTRACTS
d.D.m. X 1 0"^
S Q U A L E N E
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Mn++ CO N C E N T R A T !  ON (mM
Filtered extracts incubated(0.5pCi DL - [^^C]MVA 
and standard concentrations of GSH, ATP, NAD*^ and MgSO^.
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Nn 2+ ( M a u d i n a s  ^  JLi- . 1 977 ) w h i l s t  a p h y t o e n e
s y n t h e s i s i n g  s y s t e m  f r o m  the f u n g u s  N . c r a s s a  w a s  r e p o r t e d  
to r e q u i r e  Mg w h i c h  c o u l d  be r e p l a c e d ,  at l o w  
c o n c e n t r a t i o n s ,  by M n ^ t  ( S p ur g e on ,  .ejt a_l. , 1 979 ). F r o m  the
p I
r e s u l t s  p r e s e n t e d  here, it is p o s s i b l e  to s u g g e s t  t h a t  Mn 
is the p r e f e r r e d  d i v a l e n t  ion w h e r e  Mg2+ is l e s s  e f f i c i e n t  
but  c o m p e t e s  w i t h  m a n g a n e s e  jji v i t r o  as the p r o s t h e t i c  g r o u p  
on an e n z y m e .
T h e  i n c r e a s i n g  i n c o r p o r a t i o n s  w i t h  h i g h  
c o n c e n t r a t i o n s  (Fig. 3:8) m a y  be p a r t l y  d u e  to th e " e n z y m i c  
and n o n - e n z y m i c  s t i m u l a t i o n "  of m e v a l o n a t e  d e c a r b o x y l a t i o n  
( Y o k o y a m a  ejt a_l. , 1 9 6  2 ) , in a d d i t i o n  to the s t i m u l a t i o n  of 
th e  p o s t - I P P  e n z y m e s  s u g g e s t e d  ab o v e.
3 : 3 : 2  E X P E R I M E N T S  W I T H  A W A S H E D  M E M B R A N E  P R E P A R A T I O N
F R O M  A P H A N O C A P S A  6714
A m e m b r a n e  s u s p e n s i o n  p r e p a r e d  f r o m  A o h a n o c a o s a  
6714 s p h e r o p l a s t s  w a s  f o u n d  to i n c o r p o r a t e  r a d i o a c t i v i t y  
f r o m  [ 2 - ^ ^ C ] G G P P  i n t o  v a r i o u s  c a r o t e n o i d s .  T h i s  s y s t e m  w as  
o p t i m i s e d  w i t h  r e s p e c t  to n u c l e o t i d e  c o f a c t o r  r e q u i r e m e n t s  
and i n c u b a t i o n  c o n d i t i o n s .  R e m o v a l  of e n d o g e n o u s  c o f a c t o r s  
by g e l  f i l t r a t i o n  w a s  not p o s s i b l e  w i t h  such a m e m b r a n o u s  
sy st e m,  so t h a t  c o f a c t o r s  w e r e  r e m o v e d  by w a s h i n g  in the 
b u f f e r  us e d in th e p r e p a r a t i o n  p r o c e d u r e  (see S e c t i o n  
2 :2 :2 :2 ).
3 : 3 ; 2 : 1 T i m e  C o u r s e  of I n c o r p o r a t i o n  of C ^ ^ C ] G G P P  . A
s t o c k  r e a c t i o n  m e d i u m  (3.5ml) c o n t a i n i n g  w a s h e d  A o h a n o c a o s a  
m e m b r a n e s ,  i n c u b a t e d  in the p r e s e n c e  of 3 . 5 p C i [ ^ ^ C ] G G P P  and
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s t a n d a r d  c o n c e n t r a t i o n s  (see S e c t i o n  3: 2: 2)  of Mg SO ^ ,  MnClg ,
+ + +
GSH, ATP, N A D  , N A D P  and FAD w a s  s a m p l e d  ( 0 . 5 m l  a l i q u o t s )
at v a r i o u s  t i m e s  and a n a l y s e d  w i t h  r e s p e c t  to i n c o r p o r a t i o n
of i n t o  p h y t o e n e  and ^ - c a r o t e n e .
Th e t i m e  c o u r s e  ( F i g . 3:9) sh o w s t ha t p h y t o e n e  and 
p - c a r o t e n e  are s y n t h e s i s e d  a f t e r  o n l y  10 min. I n c o r p o r a t i o n  
i n t o  |2)-carotene r e a c h e d  a l i n e a r  r a t e  b e f o r e  45 min. and 
thi s c o n t i n u e d  u n t i l  o v e r  1 0 0  min. a f t e r  th e s t a r t  of the  
r e a c t i o n .  I n c o r p o r a t i o n  i n t o  p h y t o e n e  i n c r e a s e d  o n l y
s l i g h t l y  d u r i n g  t h e  135 min. i n c u b a t i o n  p e r i o d  and di d not 
e x h i b i t  an e a r l y  p e a k  of i n c o r p o r a t i o n ,  c o i n c i d i n g  w i t h  the 
s t a r t  of i n c o r p o r a t i o n  i n t o  |3 - c a r o t e n e ,  as has b e e n  
r e p o r t e d  for the N a r c i s s u s  c h r o m o p l a s t  s y s t e m  ( Be yer  e_t a l . . 
1980). T he  t i m e  c o u r s e  for t he A o h a n o c a o s a  s y s t e m  s u g g e s t s  
t h a t  p h y t o e n e  is p r o m p t l y  d e s a t u r a t e d  a f t e r  its f o r m a t i o n ,  
i.e. p h y t o e n e  s y n t h e s i s  is r a t e  l i m i t i n g  i n  v i t r o  and 
p o s s i b l y  i n  v i v o . s i n c e  t h is  c a r o t e n e  is not p r e s e n t  in 
c e l l s  g r o w n  u n d e r  n o r m a l  c o n d i t i o n s .
3 : 3 : 2 : 2 O x v a e n  and Li gh t.  E x p e r i m e n t s  d e s i g n e d  to t e st
t he  e f f e c t  of l i g h t  and o x y g e n  on t hi s s y s t e m  r e v e a l e d  th a t  
c a r o t e n e  b i o s y n t h e s i s  w a s d i s r u p t e d  o n l y  w h e n  i n c u b a t i o n s  
w e r e  b o t h  a n a e r o b i c  and in the d a r k  (T a b l e  3:3). F u r t h e r  
i n v e s t i g a t i o n s  d e m o n s t r a t e d  t h a t  th e m e m b r a n e  p r e p a r a t i o n  
w a s  p h o t o s y n t h e t i c a l l y  ac t i v e ,  p r o d u c i n g  8 0 - 1 0 0 ^ g  O g / h / m g  
c h l o r o p h y l l  in t he l i g h t  (Dr. G . S a n d m a n n ,  p e r s o n a l  
c o m m u n i c a t i o n ) .  T he  r e s u l t s  (T ab l e  3:3) s u g g e s t  t h a t  
p h y t o e n e  d e s a t u r a t i o n  in this s y s t e m  as in the P h v c o m v c e s  
s y s t e m  ( S e c t i o n  3; 3 :1 : 2 )  is d e p e n d e n t  u po n  o x y g e n .  A n o x i a
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FIG. 3:9 TIMECOURSE OF PHYTOENE AND ^-CAROTENE
FORMATION FROM [i^ClGGPP BY AN APHANOCAPSA 
MEMBRANE PREPARATION
d  p m  X
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P H Y T OE N E
7 010 25 1351 0 0
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S t a n d a r d  r e a c t i o n  m i x t u r e s  (see 2 :2 :3 )  p l u s  N A D P +  (1pm) and 
F A D +  (1pm) i n c u b a t e d  w i t h  O . S p C i  [14c]GGPP in l ight . E ac h  
m i x t u r e  c o n t a i n e d  T O p g  c h l o r o p h y l l  pe r 2 0 0 p l  a l i q u o t  of 
m e m b r a n e  p r e p a r a t i o n .
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TABLE 3:3 THE EFFECT OF LIGHT AND OXYGEN ON (IN VITRO)
C A R O T E N O G E N E S I S  BY A M E M B R A N E  P R E P A R A T I O N  F R O M  
A P H A N O C A P S A  6714
I N C U B A T I O N S
C O N D I T I O N S
R A D I O A C T I V I T Y  (dpm) I N C O R P O R A T E D  
INTO
P H Y T O E N E  -p, - C A R O T E N E
I N C O R P O R A T I O N  R A T I O  
P H Y T O E N E / p - C A R O T E N E
L ig ht ,  +0 2 284 996 0.2 8
L ig ht ,  a n a e r o b i c  273 962 0.28
Dark, +0 2 239 1,164 0 . 2 1
Dark, a n a e r o b i c  1,5 28 119 1 2 . 8
R e a c t i o n  m e d i a  c o n t a i n e d  A p h a n o c a p s a  w a s h e d  m e m b r a n e  
p r e p a r a t i o n  ( l O O p g  chi.)  i n c u b a t e d  w i t h  O . S p C i  [ ^ ^ C ] 6 GPP and
s t a n d a r d  c o n c e n t r a t i o n s  (see 3 :2 : 2 )  of M g S O ^ ,  M n C l 2 . G S H /  A T P /
+ + +
N A D  . N A D P  and FA D .
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r e s u l t s  in an a c c u m u l a t i o n  of l a b e l  i n t o  p h y t o e n e ,  at
th e e x p e n s e  of | 3 - c a ro t e ne .
3 : 3 : 2 : 3 N u c l e o t i d e  C o f a c t o r s .  R e s u l t s  of e x p e r i m e n t s
w i t h  w a s h e d  m e m b r a n e  p r e p a r a t i o n s  i n c u b a t e d  in t he  p r e s e n c e  
of v a r i o u s  n u c l e o t i d e  c o m b i n a t i o n s  (T ab l e  3:4) s u g g e s t  t ha t  
th e c o f a c t o r  r e q u i r e m e n t  of this s y s t e m  is s i m i l a r  to t hat  
of P h v c o m v c e s .
U
In th e a b s e n c e  of ATP, i n c o r p o r a t i o n  f r o m  [ C ] G G P P  
i n t o  p - c a r o t e n e  w a s  43 7. of the c o n t r o l ,  w h i l s t
i n c o r p o r a t i o n  i n t o  p h y t o e n e  w a s  o n l y  22%. T h e s e  r e s u l t s  
s u g g e s t  t h a t  A TP  s t i m u l a t e s  p h y t o e n e  s y n t h e s i s  r a t h e r  th a n  
th e s y n t h e s e s  of c o l o u r e d  c a r o t e n o i d s ,  p e r h a p s  by d i r e c t  
s t i m u l a t i o n  of the p h y t o e n e  s y n t h e t a s e  as r e p o r t e d  by
M a u d i n a s  _et , (1 977 ), or t h r o u g h  p r o t e c t i o n  of G G P P and
P PP P  f r o m  p h o s p h a t a s e  a c t i o n  as d i s c u s s e d  in S e c t i o n
3 : 3 : 1 : 4 .
W h i l s t  th e i n d e p e n d e n t  o m i s s i o n  of e i t h e r  F AD +  or 
the  n i c o t i n a m i d e  c o f a c t o r s  f r o m  r e a c t i o n  m e d i a  had no a d v e r s e  
e f f e c t s ,  t h e  a b s e n c e  of bo t h  F A D *  and n i c o t i n a m i d e
c o f a c t o r s  r e s u l t e d  in l o w e r  c a r o t e n o i d  i n c o r p o r a t i o n  (60-7 0%  
of c o n t r o l )  w i t h o u t  s i g n i f i c a n t l y  a f f e c t i n g  the p h y t o e n e  = 
p - c a r o t e n e  i n c o r p o r a t i o n  r at io.  W a s h e d  m e m b r a n e  p r e p a r a t i o n s  
i n c u b a t e d  in the  a b s e n c e  of n i c o t i n a m i d e  c o f a c t o r s ,  F A D +  and 
AT P i n c o r p o r a t e d  v e r y  l i t t l e  l a b e l  f r o m  [ 2 - ^ ^ C ] G G P P  i n t o
p h y t o e n e  or ]3 - c a r o t e n e  (6.5% of c o n t r o l ) .  Th e r o l e  of
n i c o t i n a m i d e  c o f a c t o r s  and FAD in t hi s s y s t e m  is not  clear, 
but t h e  r e s u l t s  s u g g e s t  t h a t t h e s e  a l s o  s t i m u l a t e  p h y t o e n e  
s y n t h e s i s .  A p a r t i a l l y  p u r i f i e d  I P P = p h y t o e n e  s y n t h e t a s e
130
TABLE 3:4 THE EFFECT OF VARIOUS NUCLEOTIDE COFACTORS ON
C A R O T E N O G E N E S I S  BY AN A P H A N O C A P S A  M E M B R A N E  
P R E P A R A T I O N .
R A D I O A C T I V I T Y
INTO
P H Y T O E N E
I N C O R P O R A T E D
p - C A R O T E N E
I N C O R P O R A T I O N  R A T I O  
P H Y T O E N E =  p - C A R O T E N E
C o n t r o l  1 935 397 7 0.23
W i t h o u t
N i c o t i n a m i d e  C o f a c t o r s 772 4244 0.1 8
W i t h o u t  F A D * 1097 5174 0 . 2 1
C o n t r o l  2 2067 893 1 0.23
W i t h o u t  ATP 452 3883 0 . 1 2
W i t h o u t  N i c o t i n a m i d e  
C o f a c t o r s  and F A D *
1263 6242 0 . 2 0
W i t h o u t  N i c o t i n a m i d e  
C o f a c t o r s ,  FAD  an d A TP
< 1 0 0 576
A l l  m i x t u r e s  w e r e  i n c u b a t e d  a e r o b i c a l l y ,  in l i g h t  w i t h  
O . S p C i  [ 2 - ^ ^ C ] G G P P .  C o n t r o l s  c o n t a i n e d  w a s h e d  m e m b r a n e  
p r e p a r a t i o n s  f r o m  A o h a n o c a o s a  8714 ( l O O p g  c h l o r o p h y l l  
per  a l i q u o t )  and s t a n d a r d  c o n c e n t r a t i o n s  of M gS O^ ,  M nC l g ,  
GSH, ATP, N A D ^  NADP"^ and F A D +  (see 3 :2 : 2 ) .
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c o m p l e x  ( 2 0 0 , 0 0 0  d a l t o n )  i s o l a t e d  f r o m  t o m a t o  f r u i t
p l a s t i d s ,  is a l s o  s t i m u l a t e d  by N A D P *  ( M a u d i n a s  ejt a 1. . 1 977 )
3 : 3 : 4:  C O N C L U S I O N S
Th e t wo  c a r o t e n o g e n i c  s y s t e m s  i n v e s t i g a t e d  w e r e
f o u n d  to h a v e  s i m i l a r  c o f a c t o r  r e q u i r e m e n t s .  In b o t h  ca s e s
p h y t o e n e  s y n t h e s i s  w a s  s t i m u l a t e d  by ATP, and p h y t o e n e
d e s a t u r a t i o n  w a s  o x y g e n  d e p e n d e n t .  T h e s e  s y s t e m s  d i f f e r
f r o m  t h o s e  d e s c r i b e d  by P o r t e r  and c o - w o r k e r s  ( S e c t i o n
+ +
1 : 3 : 5 : 1 for d i s c u s s i o n )  w h e r e  N A D P  and FAD w e r e  f o u n d  to 
be n e c e s s a r y  for b o t h c a r o t e n e  d e s a t u r a t i o n  and for 
c y c l i s a t i o n .  Th is m a y  r e f l e c t  d i f f e r e n c e s  in the
p r e p a r a t i o n  of c e l l  e x t r a c t s  as b o t h  s y s t e m s  i n v e s t i g a t e d  
h e r e  are c r u d e  and m a y  s t i l l  c o n t a i n  s i g n i f i c a n t  a m o u n t s  of 
t i g h t l y  b o u n d  c o f a c t o r s .  The i m p u r i t y  of t h e s e  e x t r a c t s  
a l s o  c o m p l i c a t e s  any i n t e r p r e t a t i o n s  of the d at a ,  s i n c e  it 
is i m p o s s i b l e  to a s c e r t a i n  w h e t h e r  or not a c o f a c t o r  
d i r e c t l y  or r e m o t e l y  (i.e. t h r o u g h  o t h e r  p r o c e s s e s )  
i n f l u e n c e s  c a r o t e n e / t e r p e n o i d  b i o s y n t h e s i s . T h u s  th e t r u e  
c o f a c t o r  r e q u i r e m e n t s  for t h e s e  c a r o t e n o g e n i c  s y s t e m s  c a n n o t  
be u n a m b i g u o u s l y  a s c e r t a i n e d  u n t i l  th e e n z y m e s  h a v e  be en  
i s o l a t e d  and p u r i f i e d .
As a r e s u l t  of t h e s e  e x p e r i m e n t s ,  h o w e v e r ,  a 
s t a n d a r d  i n c u b a t i o n  m i x t u r e  c o n t a i n i n g  6 m M  M n C l 2 , 4 mM  M g S O ^  
2 0 m M  GSH, 1 O mM ATP and I m M  NA D*  w a s a d o p t e d  for u se  w i t h  
b o t h  s y s t e m s  ( C h a p t e r s  4 - 6 ) .  R e a c t i o n  m i x t u r e s  w e r e  
r o u t i n e l y  i n c u b a t e d  for 2 h 3 2 0® C  a e r o b i c a l l y  in the l i g h t  .
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C H A P T E R  4
I N H I B I T I O N  OF C A R O T E N O G E N E S I S  BY S U B S T I T U T E D  
P H E N Y L P Y R I D A Z I N O N E S  AND P H E N Y L F U R A N E S
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4:1 INTRODUCTION
C e r t a i n  s u b s t i t u t e d  p h e n y l p y r i d a z i n o n e s  s uc h  as 
n o r f l u r a z o n  (see Fig. 1:4:1 for s t r u c t u r e ,  T a b l e  1:4 for 
n o m e n c l a t u r e )  and s u b s t i t u t e d  p h e n y l f u r a n e s , e.g. d i f u n o n e  
(see Fig. 1:4: 2 and T a b l e  1:4) h a v e  b e e n  r e p o r t e d  to i n h i b i t  
p h y t o e n e  d e s a t u r a t i o n  (see 1:4:1 and 1: 4: 2) . The
r e l a t i o n s h i p  b e t w e e n  s t r u c t u r e  and i n h i b i t o r  ( b l e a c h i n g )  
a c t i v i t y  has b e e n  s t u d i e d  w i t h  b o t h  t h e s e  t y p e s  of h e r b i c i d e  
on c u l t u r e s  of the g r e e n  a lg a S c e n e d e s m u s  a cutu s .
It w a s  c o n c l u d e d  t h a t  for s u b s t i t u t e d  
p h e n y l p y r i d a z i n o n e s  b l e a c h i n g  a c t i v i t y  i m p r o v e d  w i t h : -
i ) s u b s t i t u t i o n s  on th e p y r i d a z i n o n e  r i n g  t ha t
e n c o u r a g e d  e l e c t r o n  w i t h d r a w a l  at p o s i t i o n  4 and 
e l e c t r o n  i n s e r t i o n  at p o s i t i o n  5 ( S a n d m a n n  ejt a l . . 
1 9 8 1 );
ii) s u b s t i t u t i o n s  in the p h e n y l  r i n g  at p o s i t i o n  3
t ha t  w e r e  b o t h  l i p o p h i l i c  and e n c o u r a g e d  e l e c t r o n  
w i t h d r a w a l ,  t he  l a t t e r  p a r a m e t e r  b e i n g  m o r e
i m p o r t a n t  ( S a n d m a n n  and Boge r, 1982).
S i m i l a r  s t u d i e s  w i t h  v a r i o u s  s u b s t i t u t e d  p h e n y l -  
f u r a n e s  r e v e a l e d  t h a t  th e 2-ox o, 3 - c a r b o n i t r i l e , 4 - p h e n y l  
and 5 - d i m e t h y l a m i n o - m e t h y l e n e  m o i e t i e s  w e r e  all  e s s e n t i a l  
for b l e a c h i n g  a c t i v i t y ,  a l t h o u g h  the 5 - d i m e t h y l a m i n o -  
m e t h y l e n e  g r o u p  c o u l d  be r e p l a c e d  by 5 - c y c l o b u t y l a m i n o -  
m e t h y l e n e  , but w i t h  r e d u c e d  a c t i v i t y .
I
(B. B o e h l e r - K o h l e r  and P. Boger, u n p u b l i s h e d  r e s u l t s ) .  
S u b s t i t u t i o n s  i n t o  th e 4 - p h e n y l  r i n g  w e r e  r e p o r t e d  by t h e s e
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w o r k e r s  to e i t h e r  i n c r e a s e  or d e c r e a s e  p h e n y l f u r a n e  
b l e a c h i n g  a c t i v i t y  a c c o r d i n g  to th e n a t u r e  of the 
s ubs t i t u t e n t .
In this c h a p t e r  d e t a i l s  are p r e s e n t e d  of
e x p e r i m e n t s  u s i n g  the A o h a n o c a o s a  s y s t e m  to i n v e s t i g a t e  the 
e f f e c t  on b l e a c h i n g  a c t i v i t y  of v a r i o u s  s u b s t i t u t i o n s  i nt o  
th e  p h e n y l  r i n g s  of b o t h  p h e n y l p y r i d a z i n o n e  and p h e n y l f u r a n e  
h e r b i c i d e s .  The a c t i v i t i e s  of t h e s e  d e r i v a t i v e s  in the
A o h a n o c a o s a  s y s t e m  are c o m p a r e d  to t h o s e  in S c e n e d e s m u  s
c u l t u r e s  and the e f f e c t  of s u b s t i t u t i o n  on b l e a c h i n g  
a c t i v i t y  d i s c u s s e d  in r e l a t i o n  to th e p r o p e r t i e s  of the
s u b s t i t u e n t .
4 :1 : 2  I N C O R P O R A T I O N  R A T I O S
T he  h e r b i c i d e s  t e s t e d  h e r e  (and t h o s e  d e s c r i b e d  in 
c h a p t e r s  5 and 6 ) a ll  i n h i b i t  p h y t o e n e  d e s a t u r a t i o n ,  thus
r e d u c i n g  i n c o r p o r a t i o n  of l a b e l  i n t o  p - c a r o t e n e  w h i l s t
i n c r e a s i n g  i n c o r p o r a t i o n  in t o p h y t o e n e .  To t a k e  a c c o u n t  of 
b o t h  of t h e s e  e f f e c t s , it is c o n v e n i e n t  to c a l c u l a t e  the  
r a t i o  of the l a b e l  i n c o r p o r a t e d  i n t o  p h y t o e n e  to t ha t  
i n c o r p o r a t e d  i n t o  p - c a r o t e n e  as a p a r a m e t e r  for the d e g r e e  
of i n h i b i t i o n  of p h y t o e n e  d e s a t u r a t i o n .  Due to the
v a r i a t i o n  b e t w e e n  d i f f e r e n t  c e l l  e x t r a c t s  in a b s o l u t e
c a r o t e n o g e n i c  a c t i v i t i e s  and s e n s i t i v i t y  to i n h i b i t o r s ,  it 
w as  not p o s s i b l e  to q u a n t i t a t i v e l y  c o m p a r e  d a t a  f r o m
d i f f e r e n t  e x p e r i m e n t s .  H o w e v e r ,  the p h y t o e n e :  p - c a r o t e n e
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i n c o r p o r a t i o n  r a t i o  for a p a r t i c u l a r  h e r b i c i d e  r e l a t i v e  to 
t he  c o n t r o l  i n c o r p o r a t i o n  r a t i o  w a s  s i m i l a r  for d i f f e r e n t  
p r e p a r a t i o n s .  T h u s  r e l a t i v e  i n c o r p o r a t i o n  r a t i o s  p r o v i d e  a 
v a l i d  i n d e x  to the b l e a c h i n g  a c t i v i t y  of a p a r t i c u l a r  
h e r b i c i d e  at a d e f i n e d  c o n c e n t r a t i o n .
4 : 1 : 3  S U B S T I T U E N T  C O N S T A N T S
S i n c e  a n u m b e r  of b l e a c h i n g  h e r b i c i d e s  d i f f e r i n g  
o n l y  in p h e n y l  r i n g  s u b s t i t u t i o n  w e r e  c o m p a r e d  w i t h  r e s p e c t  
to i n h i b t o r  a c t i v i t y ,  it is a p p r o p r i a t e  to r e l a t e  a c h a n g e  
in i n h i b i t o r  a c t i v i t y  to a p h y s i c a l  p r o p e r t y  of the 
s u b s t i t u e n t .  Th e  p h y s i c a l  p r o p e r t i e s  e x a m i n e d  w e r e
s u b s t i t u e n t  l i p o p h i l i c i t y , b u l k  and the e f f e c t s  of the 
s u b s t i t u e n t  on t he  e l e c t r o n i c  n a t u r e  of the a r o m a t i c  ring. 
P a r a m e t e r s  for t h e s e  p r o p e r t i e s  w e r e  t a k e n  f r o m  " A r o m a t i c  
S u b s t i t u e n t  C o n s t a n t s  for S t r u c t u r e - A c t i v i t y  C o r r e l a t i o n "  
( H a n s c h  ejt a 1. . 1 973 ) and i n c l u d e  the s u b s t i t u e n t
l i p o p h i l i c i t y  f a c t o r  ' tT , m o l e c u l a r  w e i g h t  and m o l a r  
r e f r a c t i o n  as p a r a m e t e r s  of s u b s t i t u e n t  b u l k  and the H a m m e t t  
p a r a m e t e r s  s u b s t i t u e n t  in m e t a - o o s i t i o n  ) and 
( s u b s t i t u e n t  in oara - or o r t h o - p o s i t i o n s )  as p a r a m e t e r s  for 
s u b s t i t u e n t  e l e c t r o n  w i t h d r a w i n g  c a p a c i t y .  The r e l e v a n t  
p h y s i c a l  d a t a  for the s u b s t i t u e n t s  d i s c u s s e d  in th is  c h a p t e r  
a re  g i v e n  in T a b l e  4:7.
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4:2 REACTION MIXTURES AND SOLVENTS
4:2:1 R E A C T I O N  M I X T U R E S
C e l l  — f r e e  p r e p a r a t i o n s  w e r e  i n c u b a t e d  a e r o b i c a l l y  
(2 h , 2 0 ° C )  in t he s t a n d a r d  r e a c t i o n  m i x t u r e  (see 2 : 2:3 ) w i t h  
e i t h e r  O.SjuCi _D_L - ['2-^^ C ] M V A  (for e x p e r i m e n t s  w i t h  
P .b l a k e s l e e a n u s ) or 0 . 5 p C i  [ 2 - ^ ^ C ] G G P P  ( s p e c i f i c  a c t i v i t y  
4 . 2 2 m C i / m m o l , for e x p e r i m e n t s  w i t h  A o h a n o c a o s a ) as
s u b s t r a t e .
P h e n y l f u r a n e s  w e r e  d i s s o l v e d  in a c e t o n e  w h i l s t  
p h e n y l p y r i d a z i n o n e s  w e r e  d i s s o l v e d  in m e t h a n o l  (stoc k
s o l u t i o n s  O-02mM h e r b i c i d e )  or N , N '- d i m e t h y l f  o r m a m i d  e
( sto ck  s o l u t i o n s  0 . 2 m M ) .  The h e r b i c i d e s  w e r e  a d d e d  to
r e a c t i o n  m i x t u r e s  d i s s o l v e d  in s o l v e n t  as 5 pi a l i q u o t s
p r i o r  to a d d i t i o n  of c e l l — f r ee  m a t e r i a l .
4 : 2 : 2  S O L V E N T  C O N C E N T R A T I O N  A N D C A R O T E N O G E N E S I S
The e f f e c t  of v a r i o u s  c o n c e n t r a t i o n s  of the a b o v e
s o l v e n t s  on djn v i t r o  t e r p e n o i d  b i o s y n t h e s i s  w a s i n v e s t i g a t e d
w i t h  P h v c o m v c e s . R e s u l t s  s h o w  t h a t  w h i l s t  m e t h a n o l  had no
e f f e c t  on t e r p e n o i d  b i o s y n t h e s i s  (Fig. 4:1), i n c r e a s i n g
c o n c e n t r a t i o n s  of a c e t o n e  a p p e a r e d  to s t i m u l a t e  p h y t o e n e
b i o s y n t h e s i s  and to i n h i b i t  the s y n t h e s i s  of s q u a l e n e .  Th e
p o s s i b l e  e f f e c t  of a c e t o n e  is to s t i m u l a t e  p h y t o e n e
b i o s y n t h e s i s  su ch th at  p h y t o e n e  s y n t h e t a s e  c o m p e t e s  w i t h
t'
s q u a l e n e  s y n t h e t a s e  for i s o ^ e n o i d  p y r o p h o s p h a t e  s u b s t r a t e s .
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FIG. 4:1 THE EFFECT OF SOLVENT CONCENTRATION ON C^^CIMVA
INCORPORATION INTO TERPENOIDS BY PHYCOHYCES EXTRACTS
dp.m. X I 0" 3
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P H Y T O E N E
p - C A R O T E N E
S t a n d a r d  r e a c t i o n  m i x t u r e  (see 2 : 2 : 3 )  i n c u b a t e d  for  2 h o u r s  
a t , 20* C w i t h  O . S p C i  C O L -[2  ^ C ] M V A .
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A s m a l l  i n c r e a s e  in p - c a r o t e n e  s y n t h e s i s  w a s  a l s o  n o t e d  in 
the  p r e s e n c e  of a c e t o n e .
For c o n c e n t r a t e d  s o l u t i o n s  of s u b s t i t u t e d  p h e n y l  
p y r i d a z i n o n e s , N , N ' - d i m e t h y l  f o r m a m i d e  w a s  u se d  as s o l v e n t ;  
t h i s  s o l v e n t  w a s  f o u n d  to h a v e  no e f f e c t  on t e r p e n o i d  
b i o s y n t h e s i s  in t he P h v c o m v c e s  s y s t e m  at 17. (v/v)
c o n c e n t r a t i o n .
4:3 R E S U L T S  A N D  D I S C U S S I O N
4:3:1 B L E A C H I N G  A C T I V I T Y  OF S U B S T I T U T E D  P H E N Y L F U R A N E S
IN T H E  A P H A N O C A P S A  C E L L - F R E E  S Y S T E M
T he  r e l a t i v e  i n h i b i t o r y  a c t i v i t i e s  of s u b s t i t u t e d  
p h e n y l f u r a n e s  w i t h  t he  A o h a n o c a o s a  s y s t e m  c o m p a r e  w e l l  
w i t h  t h o s e  f o u n d  for c u l t u r e s  of S c e n e d e s m u s  a c u t u s
M
(B o e h l e r - K o h l e r  and Boger,  u n p u b l i s h e d  r e s u l t s ) .  In both 
s y s t e m s  th e u n s u b s t i t u t e d  p h e n y l  d e r i v a t i v e  ( d i f u n o n e )  was  
f o u n d  to h a v e  m o d e r a t e  i n h i b i t o r  a c t i v i t y  ( T a b l e s  4:1 - 4:3) 
w h i c h  w a s  r e d u c e d  on r e p l a c i n g  th e 5 - d i m e t h y l a m i n o  g r o u p  
w i t h  a c y c l o b u t y l a m i n o  f u n c t i o n  ( T a b l e s  4:2 - 4:3).
R e d u c t i o n  of the  d i f u n o n e  4 - p h e n y l  m o i e t y  to 4 - c y c l o h e x y l  
r e s u l t e d  in l o s s of i n h i b i t o r y  a c t i v i t y  ( Ta b le s  4:2, 4:3).
C e r t a i n  s u b s t i t u t i o n s  t h a t  .i m p r o v e d  i n h i b i t i o n  by the 
p h e n y l f u r a n e ,  p a r t i c u l a r l y  the h a l o g e n a t e d  (3 ,4 -C l 2 and 3 - C F 3 ) 
d e r i v a t i v e s ,  w e r e  f o u n d  to be m o r e  e f f e c t i v e  in S c e n e d e s m u s  
c u l t u r e s  t h a n in the  A o h a n o c a o s a  s y s te m .  T his  m a y  be d u e  to 
a d i f f e r e n c e  in h e r b i c i d e  p e r m e a b i l i t y  a c r o s s  the c e l l  w a l l  
of S c e n e d e s m u s .
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T A B L E  4 : 1 THE E F F E C T  OF V A R I O U S  D I F U N O N E  D E R I V ^ V E S > (  0. 1 p M ) ON
C A R O T E N O G E N E S I S  BY AN A P H A N O C A P S A  M E M B R A N E  P R E P A R A T I O N
D I F U N O N E  D E R I V A T I V E D .P.M . I N C O R P O R A T E D I N C O R P O R A T I O N
INTO R A T I O
f/— \
P H Y T O E N E  p - C A R O T E N E P H Y T O E N E / p - C A R O T E N E
O N
\ -- zJ
%
( C H g j g N C H '"O'" ^ 0
R =
3- S C H 3  
3- C g H 5  
3 ,4 -  Cl 2 
3- O C H 3  
3 - C F 3
U n s u b s t i t u t e d  
(D i f u n o n e )
C o n t r o l
1 0 , 2 3 5
7 , 7 8 5
6 , 6 1 0
5,7 3 4
5 . 5 3 4
2,411 
372 .5
852 
1 ,297 
1 ,175 
1 . 439 
1 ,905
2 , 2 6 0
2 , 5 6 8
16
6.0
5.6
4.0
2.9
1 . 1 
0.14
*( 1 1 0 )
(41)
(39)
(27)
(20 )
( 7.3) 
( 1 .0 )
A p h a n o c a p s a  m e m b r a n e  p r e p a r a t i o n  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  
m e d i a  (see 2:2 :3 )
O . I p M  h e r b i c i d e ,  O . S p C i  [ ^ ^ C l G G P P  for 2h 20°C.
C h l o r o p h y l l  c o n t e n t  = 5 2 p g  p er  2 0 0 ^ 1  a l i q u o t .
♦ F i g u r e s  in b r a c k e t s  r e p r e s e n t  the  i n c o r p o r a t i o n  r at io  r e l a t i v e  to the 
C o n t r o l .
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TABLE 4:2 THE EFFECT OF VARIOUS DIFUNONE DERIVATIVES (IfJM) ON
CAROTENOGENESIS BY AN APHANOCAPSA MEMBRANE PREPARATION
D I F U N O N E  D E R I V A T I V E
,CN
D .P.M. I N C O R P O R A T E D  
INTO
P H Y T O E N E  ]3-CA R0TENE
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
R =
P h e n y l
( d i f u n o n e ) 5 , 4 2 7 477 .7 11.3 (67)
2 - C l -  P h e n y l 4 , 4 1 4 1 , 029 4.3 (25)
( P h e n y l ;
( 5 - c y c l o b u t y l a m i n o 1 .5 15 1 .330 1 . 1
)
( 6.7))
2, 4 - C l  2- P h e n y l 1,1 18 1,723 0.64 ( 3.8)
4- C g H ^ O - P h e n y l 272 1.9 53 0.14 ( 0.82)
C y c l o h e x y l 275 2 , 1 6 0 0 . 1 2 ( 0.75)
C o n t r o l 367. 1 2 , 1 5 9 0.17 1 . 0
A p h a n o c a p s a  m e m b r a n e  p r e p a r a t i o n  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  
m e d i a  in t he  p r e s e n c e  of 1 yM h e r b i c i d e ,  0. 5p.Ci [ ^ C I G G P P  for 
2h at 20®t. C h l o r o p h y l l  c o n t e n t  = 100 per 200 pi  a l i q u o t .
F i g u r e s  in b r a c k e t s  r e p r e s e n t  t h e  i n c o r p o r a t i o n  roJttc r e l a t i v e  to 
th e C o n t r o l .
* T h i s  d e r i v a t i v e  has the  5 - d i m e t h y l a m i n o m e t h y l e n e  g r o u p  of 
d i f u n o n e  r e p l a c e d  by c y c l o b u t y l a m i n o - m e t h y l e n e .
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TABLE 4:3 THE EFFECT OF VARIOUS DIFUNONE DERIVATTV&S(10pM) ON
C A R O T E N O G E N E S I S  BY A N  A P H A N O C A P S A  M E M B R A N E  P R E P A R A T I O N
) I F U N O N E  D E R I V A T I V E D .P .M .  I N C O R P O R A T E D  
INT O
P H Y T O E N E  p - C A R O T E N E
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
( V n CN
(cH g  )2 N C H ^ 0 ^ 0
R =
P h e n y l
( D i f u n o n e ) 11315 308 36 ( 300 )
2 - C l -  P h e n y l 12218 681 18 (150)
*( P h e n y l ;  
( 5 - c y c l o b u t y l a m i n o 5444 1538 3.5 ( 29)
2 , 4 - C l  2 - P h e n y l 326 5 2127 1.5 (13)
4- C g H ^ O - P h e n y l 502 3 0 8 2 0.16 ( 1.3)
C y c l o h e x y l 637 4188 0 .1 5 ( 1.3)
C o n t r o l 416 3 44 7 0 . 1 2 ( 1 .0 )
A p h a n o c a p s a  m e m b r a n e  p r e p a r a t i o n  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  
m e d i a  (see 2 :2 : 3 )  in t h e  p r e s e n c e  of lOpM. h e r b i c i d e ,  
O . S ^ C i  (2- C ] G G P P  fo r 2h at 20 ° C . C h l o r o p h y l l  c o n t e n t  = 80 pg 
per 2 G 0 pl a l i q u o t .
F i g u r e s  in b r a c k e t s  r e p r e s e n t  t h e  i n c o r p o r a t i o n  r a t j o  r e l a t i v e  to 
the  C o n t r o l .
* T h i s  d e r i v a t i v e  has t he  5 - d i m e t h y l a m i n e  f u n c t i o n  of d i f u n o n e  
r e p l a c e d  by 5 - c y c l o b u t y l a m i n o .
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T h o s e  d e r i v a t i v e s  t h a t  are m o r e  a c t i v e  th a n  
d i f u n o n e  ( T ab l e  4:1) ar e a ll s u b s t i t u t e d  in th e m e t a - o o s i t i o n . 
w h i l s t  t h o s e  w i t h  le s s  a c t i v i t y  are o r t h o - or o a r a - 
s u b s t i t u t e d .  The c h l o r i n a t e d  d e r i v a t i v e s  p r o v i d e  an 
i l l u s t r a t i o n  of th i s e f f e c t ;  th e 3 , 4 - C l  £ d e r i v a t i v e  is 
m o r e  a c t i v e  t h a n  d i f u n o n e  w h i l s t  th e 2 - C l  d e r i v a t i v e  is 
l e s s  a c t i v e  t h a n  d i f u n o n e  and th e 2 , 4 - C l 2  d e r i v a t i v e  ev en  
le ss  a c t i v e .  It is p o s s i b l e  t h a t  the c h l o r i n e  g r o u p  in the 
p ara  p o s i t i o n  of the  3 ,4 - C l 2  s u b s t i t u t e d  p h e n y l f u r a n e  
h i n d e r s  th e f u l l  e f f e c t  of t he c h l o r i n e  a t o m  in the  m e t a - 
p o s i t i o n .  S u c h  a d i f f e r e n c e  in a c t i v i t y  b e t w e e n  m e t a  
s u b s t i t u t e d  and o r t h o -  or oara - s u b s t i t u t e d  d e r i v a t i v e s  
s u g g e s t s  the d i f f e r e n c e  m a y  be r e l a t e d  to c o n f l i c t i n g  
s u b s t i t u e n t - i n d u c e d  e l e c t r o n i c  e f f e c t s .  H o w e v e r ,  b oth  CT^ 
and O"p v a l u e s  for c h l o r i n e  (+ 0. 37  and +0 . 2 3 r e s p e c t i v e l y )  
i n d i c a t e  t h a t  t h i s  g r o u p  i n d u c e s  e l e c t r o n  w i t h d r a w a l  in b ot h  
p o s i t i o n s .  S i m i l a r l y ,  t h e r e  is v e r y  l i t t l e  d i f f e r e n c e  w i t h
r e s p e c t  to s t r u c t u r e ,  l i p o p h i l i c i t y  or e l e c t r o n - w i t h d r a w i n g
ih,sz
c a p a c i t y  b e t w e e n  a p h e n y l  g r o u p  substitutüQnf ini m e t a - o o s i t i o n
the
and a p h e n o x y  g r o u p  i n ^ o a r a - o o s i t i o n .  The 3-C^f^ s u b s t i t u t e d  
p h e n y l f u r a n e  is v e r y  a c t i v e ,  ( T a bl e  4:1), w h i l s t  the 4 - C ^ H ^ O -  
d e r i v a t i v e  has no s i g n i f i c a n t  i n h i b i t o r  a c t i v i t y  ev e n  at
a c o n c e n t r a t i o n  of 1 0 |j M ( T a b le  4:3). It is t h e r e f o r e
t e n t a t i v e l y  s u g g e s t e d  t h a t  s u b s t i t u t i o n  i n t o  the m e t a - 
p o s i t i o n  of the p h e n y l f u r a n e  has s o m e s t e r i c  a d v a n t a g e
w h i l s t  s u b s t i t u t i o n  e l s e w h e r e  is s t e r i c a l l y  d i s a d v a n t a g e o u s .
W i t h  the m e t a - s u b s t i t u t e d  p h e n y l f u r a n e s  t h e r e  a p p e a r s  
to be no s i m p l e  l i n k  b e t w e e n  i n h i b i t o r  a c t i v i t y  and any
s i n g l e  p h y s i c a l  p a r a m e t e r .  S i n c e  m o s t  of t he  s u b s t i t u e n t s
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t e s t e d  he r e ar e lipophilic. and m o s t l y  e l e c t r o n - w i t h d r a w i n g ,  
it w o u l d  be u s e f u l  to t e s t  the i n h i b i t o r y  a c t i v i t y  of me t a - 
s u b s t i t u t e d  p h e n y l f u r a n e s  w i t h  s u b s t i t u e n t s  of w i d e l y  
d i f f e r i n g  p h y s i c a l  p r o p e r t i e s .
4 : 3 : 2  B L E A C H I N G  A C T I V I T Y  OF S U B S T I T U T E D  P H E N Y L P Y R I D A Z I N O N E S
IN T H E A P H A N O C A P S A  C EL L  P R E P A R A T I O N
The s u b s t i t u t e d  p h e n y l p y r i d a z i n o n e s  had le ss
p h y t o e n e  d e s a t u r a s e  i n h i b i t o r y  a c t i v i t y  th a n the 
p h e n y l f u r a n e s , in t he  A p h a n o c a p s a  s y s t e m  (T a b l e s  4:4, 4:5).
T he  r e s u l t s  s h o w  t h a t  o n l y  the 3 - S C F ^  and 3-CF^
p h e n y l p y r i d a z i n o n e  d e r i v a t i v e s  had a c o n s i d e r a b l e  e f f e c t  on 
c a r o t e n o g e n e s i s  at IpM ( T ab l e 4:4). O t h e r  d e r i v a t i v e s ,  such 
as the 4-CFj and B - O S O g C H ^  p h e n y l p y r i d a z i n o n e s  w e r e  f ou nd  
to be po o r  i n h i b i t o r s ,  w h i l s t  the 3-CN, B - N O g  , 3 - O C H ^  and 
u n s u b s t i t u t e d  d e r i v a t i v e s  had no s i g n i f i c a n t  e f f e c t  at 
t hi s  c o n c e n t r a t i o n .  A l t h o u g h  the 4-CF^ d e r i v a t i v e  wa s 
t h o u g h t  to be s l i g h t l y  i n h i b i t o r y  at I p M , w h e n  t e s t e d  at 
G O p M  ( Tab le  4:5) it w a s f o u n d  to be i n a c t i v e .
W i t h  th e e x c e p t i o n  of the 3 - O S O  2  C H ^  d e r i v a t i v e ,  
the r e s u l t s  w i t h  s u b s t i t u t e d  p h e n y l p y r i d a z i n o n e s  w e r e  
s i m i l a r  in b o t h  S c e n e d e s m u s  c u l t u r e s  and the Apha noca ps a 
c e l l  — • fr e e  s y st e m.  A c t i v i t y  of s u b s t i t u t e d
p h e n y l p y r i d a z i n o n e  i n h i b i t o r s  in c u l t u r e s  of S c e n e d e s m u  s w as  
i m p r o v e d  by s u b s t i t u t i o n  in the m e t a - p o s i t i o n  w i t h  g r o u p s  
th at  w e r e  b o t h  l i p o p h i l i c  and e l e c t r o n - w i t h d r a w i n g
u
( S a n d m a n n  and Boge r,  1982). W h i l s t  t h e s e  r e s u l t s  g e n e r a l l y  
s u p p o r t  thi s c o n c l u s i o n ,  the r e l a t i v e l y  hi gh  a c t i v i t y  of the
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TABLE 4:4 THE EFFECT OF VARIOUS PHENYLPYRIDAZINONES (IfjM)
ON C A R O T E N O G E N E S I S  BY AN A P H A N O C A P S A  M E M B R A N E  
P R E P A R A T I O N
N O R F L U R A Z O N  D E R I V A T I V E
cx C l
D .P.M. I N C O R P O R A T E D  
INTO
P H Y T O E N E  p - C A R O T E N E
I N C O R P O R A T I O N  
R A T I O  
P H Y T O E N E /  p - C A R O T E N E
NHCH3
R =
(1) 3 - S C F 3 8087 1072 7.5 (38)
3 - C F 3
(n o r f l u r a z o n )
2968 1947 1 .5 ( 7.8)
3 - O S O  2C H 3 915 2544 0.38 ( 1 .8 )
3 - C N 8 8 8 324 8 0.27 ( 1.4)
U n s u b s t i t u t e d 727 3 8 0 5 0 . 2 0 ( 1 .0 )
3 - O C H  3 504 287 7 0.18 ( 0.94)
C o n t r o l  I 835 3 18 9 0 . 2 0 ( 1 .0 )
(2) 3 - S C F 3 1 2297 591 21 (2 1 0 )
3 - C F 3 5488 285 6 2 . 1 ( 2 1 )
4 - C F 3 529 2353 0 . 2 2 ( 2.3)
3 - O S O 2 CH 3 550 34 9 8 0.15 ( 1 .8 )
3 - N O  2 474 39 7 8  , 0 . 1 2 ( 1 .2 )
C o n t r o l  II 480 4839 0 . 1 ( 1 .0 )
A p h a n o c a p s a  m e m b r a n e  p r e p a r a t i o n  i n c u b a t e d  in s t a n d a r d  
r e a c t i o n  m e d i a  (see 2 :2 :3 )  in the  p r e s e n c e  of 1pM h e r b i c i d e  
and O.SjjCi [ ^ ^ C I G G P P  for  2h at 2 0 °C. C h l o r o p h y l l  c o n t e n t  = 
50jjg (1) and  6 5 p g ( 2  ) per 2 0 0 p l  a l i q u o t .
F i g u r e s  in b r a c k e t s  r e p r e s e n t  t he  i n c o r p o r a t i o n  v a l u e  
r e l a t i v e  to the C o n t r o l ,
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TABLE 4:5 THE EFFECT OF VARIOUS PHENYLPYRIDAZINONES (BOpM)
ON C A R O T E N O G E N E S I S  BY AN A P H A N O C A P S A  M E M B R A N E  
P R E P A R A T I O N
N O R F L U R A Z O N  D E R I V A T I V E D .P.M. I N C O R P O R A T E D  
I NT O
P H Y T O E N E  ] 3 - C A R O T E N E
NHCH3
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
R =
3 - O S O 2 CH 3 1561 714 2.19 ( 26)
3 - C N 650 949 0.68 ( 8.1)
3 - N O 2 242 1012 0.24 { 2.8)
3 - O C H 3 232 1040 0 . 2 2 ( 2 .6 )
4 - C F 3 145 1199 0 . 1 2 ( 1.4)
U n s u b s t i t u t e d 138 1223 0 . 1 1 ( 1.3)
C o n t r o l 1 0 1 1 2 0 1 0.08 ( 1 .0 )
A p h a n o c a p s a  m e m b r a n e  p r e p a r a t i o n  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  
m e d i a  in t he  p r e s e n c e  of 6 0 p M  h e r b i c i d e  and O.SjjCi [ ^ ^ ] G 6 PP fo r 
2h at 20 ^C. C h l o r o p h y l l  c o n t e n t  = 60{jg p e r  2 0 0 y l  a l i qu ot .
F i g u r e s  in b r a c k e t s  r e p r e s e n t  t he  i n c o r p o r a t i o n  ratio 
r e l a t i v e  to t he  C o n t r o l .
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3 - O S O  2  CH 2  , d e r i v a t i v e  w i t h  A p h a n o c a p s a  in v i t r o  is
a n o m a l o u s .  A c c o r d i n g  to the p a r a m e t e r s  d i s c u s s e d  above,
t he 3 - O S O 2 C H 3  f u n c t i o n  c o m p a r e s  u n f a v o u r a b l y  w i t h  r e s p e c t  
to l i p o p h i l i c i t y  and e l e c t r o n - w i t h d r a w i n g  c a p a c i t y  to b oth  
3 - C N  and 3 - N O  g f u n c t i o n s  ( Tab le  4:7).
T he  a n o m a l o u s  b e h a v i o u r  of the 3 - O S O  
d e r i v a t i v e  in the A p h a n o c a p s a  sys t e m,  m a y  be e x p l a i n e d  by 
two h y p o t h e s e s :-
(i) the A p ha  noca ps a s y s t e m  m e t a b o l i z e s  th e 3 - O S O  g CH ^
p h e n y l p y r i d a z i n o n e  jja v i t r o  i n t o  a d e r i v a t i v e
t h a t  is m o r e  l i p o p h i l i c  ;
(ii) the  a c t i v i t y  of the s u b s t i t u t e d  p h e n y l p y r i d a z i n o n e  
in the A p h a n o c a p s a  s y s t e m  is not f u l l y  e x p l a i n e d  
by o n l y  tw o p a r a m e t e r s .
T he  f i r s t  h y p o t h e s i s  i m p l i e s  t h a t  such a
t r a n s f o r m a t i o n  m u s t  be r a p i d  and p r o d u c e  a s u b s t i t u e n t  t hat  
is m o r e  l i p o p h i l i c  , w h i l s t  r e t a i n i n g  s i m i l a r  e l e c t r o n -  
w i t h d r a w i n g  p r o p e r t i e s  to the l - O S O g C H ^  f u n c t i o n .  W i t h  
r e s p e c t  to the s e c o n d  p o s s i b i l i t y ,  all s u b s t i t u e n t s  h av e  
m o l a r  r e f r a c t a n c e  (MR) v a l u e s  of b e t w e e n  5.02 c m ^ / m o l  ( - C F 3 ) 
and 7.87 cm  ^ /mol,. (- OC H^ ),  with, the e x c e p t i o n  of the - S C F ^
(M R = 1 3 . 8 1 c m ^ / m o l  and - O S O  g CH 3  ( M R = 1 6 . 9 9  c m ^ / m o l )  f u n c t i o n s  
( T a b le  4:7). The  h i g h  m o l a r  r e f r a c t a n c e  v a l u e s  for t h e s e
s u b s t i t u e n t s  m a y  s u g g e s t  t h a t i n h i b i t o r y  p h e n y l p y r i d a z i n o n e s  
a re  i m p r o v e d  w i t h  l a r g e  s u b s t i t u e n t  b u l k  in A p h a n o c a p s a . If 
so, this  m a y  e x p l a i n  the i n h i b i t o r y  a c t i v i t y  in the
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A ph a  n o c a p s a  s y s t e m  of the 3 - O C H ^  d e r i v a t i v e  r e l a t i v e  to the 
u n s u b s t i t u t e d  c o m p o u n d .
In b o t h  S c e n e d e s m u s  c u l t u r e s  and A p h a n o c a p s a  
p r e p a r a t i o n s  the 3 - C N  p h e n y l p y r i d a z i n o n e  is m o r e  a c t i v e
t h a n  the 3 - N O  g d e r i v a t i v e ,  yet in t e r m s  of l i p o p h i l i c i t y  ,
e l e c t r o n - w i t h d r a w i n g  c a p a c i t y  and bulk, the l a t t e r  s h o u l d  be 
t he  m o r e  p o t e n t  i n h i b i t o r .  Thus, t h e r e  a p p e a r s  to be no 
sim pl e , o b v i o u s  r e l a t i o n s h i p  b e t w e e n  the p r o p e r t i e s  of 
s u b s t i t u e n t s  and a p p a r e n t  p h e n y l p y r i d a z i n o n e  a c t i v i t i e s .  It 
s h o u l d  be n o t e d  t h a t  s u b s t i t u t e d  p h e n y l p y r i d a z i n o n e s  are 
m u l t i - f u n c t i o n a l  h e r b i c i d e s  (see 1:4:1) and h a v e  b e e n
r e p o r t e d  to i n h i b i t  the e v o l u t i o n  of p h o t o s y n t h e t i c a l l y  
p r o d u c e d  o x y g e n  (I for n o r f l u r a z o n  = 33 p M ).  S i n c e
c a r o t e n e  d e s a t u r a t i o n  in the A p h a n o c a p s a  s y s t e m  is d e p e n d e n t  
to a c e r t a i n  e x t e n t  on p h o t o s y n t h e t i c  o x y ge n ,  it is p o s s i b l e  
t h a t  p a rt  of the i n h i b i t i o n  o b s e r v e d  w i t h  p h e n y l  
p y r i d a z i n o n e s  at 60juM (T ab le  4.5) is d u e  to r e d u c e d  o x y g e n  
t e n s i o n  r a t h e r  t h a n  d i r e c t  h e r b i c i d e  i n h i b i t i o n  of
d e s a t u r a t i o n .
4 : 3 : 3  B L E A C H I N G  A C T I V I T Y  OF S U B S T I T U T E D  P H E N Y L F U R A N E S  AN D
P H E N Y L P Y R I D A Z I N O N E S  IN E X T R A C T S  F R O M  P H Y C O M Y C E S
E x p e r i m e n t s  t h e  P h v c o m v c e s  s y s t e m  s h o w  t h a t
i n c o r p o r a t i o n  f r o m  [ 2 -  ^ C ] M V A  i n t o  c a r o t e n e s  i s  n o t
s i g n i f i c a n t l y  a f f e c t e d  b y  d i f u n o n e  o v e r  a r a n g e  o f
c o n c e n t r a t i o n s  f r o m  I p M  t o  l O O p M  ( F i g .  4 . 2 ) .  F u r t h e r m o r e ,
t h e  3 - C F ^  p h e n y l f u r a n e  d e r i v a t i v e  ( 1 0 0  p M )  w a s  n o t
i n h i b i t o r y  i n  t h i s  c e l l - f r e e  s y s t e m .  T h e s e  r e s u l t s
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FIG. 4:2 THE EFFECT OF DIFUNONE CONCENTRATION ON INCORPORATION
OF [ ’^ CIMVA INTO TERPENOIDS BY PHYCOMYCES EXTRACTS
dp.m. X
50
• 50
40
30
20
1 0
SQUALENE
PHYTOENE
/
10 50 100
DI F UNONE CONCENTRATION ( jjM )
Phvcomvces extract incubated (2h,20*) in standard mixture
(see 2:2:3) with O.SpCi ^  -[2-^C]MVA.
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c o n t r a s t  w i t h  a r e p o r t  t h at  d i f u n o n e  r e d u c e s  t he - 
c a r o t e n e  c o n t e n t  of P h v c o m v c e s  c u l t u r e s  ( S a n d m a n n  e_t a 1. ,
1 9 79 )
T he 3 - C F ^  p h e n y l  p y r i d a z i n o n e  d e r i v a t i v e  
( n o r f l u r a z o n )  w a s  r e p o r t e d  to i n h i b i t  p h y t o e n e  s y n t h e s i s  by 
s ome  9 0% at 1 GpM in th e P h v c o m v c e s  s y s t e m  ( S a n d m a n n  e_t a l . . 
1980). T h i s  r e s u l t .  h o w e v e r ,  c o u l d  not be r e p e a t e d  in the 
p r e s e n t  i n v e s t i g a t i o n  and no i n h i b i t o r y  a c t i v i t y  w a s  fo u n d  
w i t h  1 OpM n o r f l u r a z o n ,  or o t h e r  s u b s t i t u t e d  p h e n y l p y r i d a z i n o n e s  
At h i g h e r  c o n c e n t r a t i o n s  (50pM) h o w e v e r ,  n o r f l u r a z o n ,  the 
3 - S C F ^  and the 4 - C F ^  p h e n y l p y r i d a z i n o n e s  w e r e  f o u n d  to 
i n h i b i t  p h y t o e n e  d e s a t u r a t i o n  r a t h e r  t h a n p h y t o e n e  s y n t h e s i s  
(T a ble 4 : 6  a ) .
S i n c e  P h v c o m v  c e s e x t r a c t s  w e r e  i n c u b a t e d
a n a e r o b i c a l l y  in t h e e x p e r i m e n t s  of S a n d m a n n  and c o - w o r k e r s ,  
s i m i l a r  a n a e r o b i c  i n c u b a t i o n s  w e r e  r e p e a t e d  in the p r e s e n c e  
of the  3 - C F ^  ( n o r f l u r a z o n )  and 3 - S C F ^  d e r i v a t i v e s  ( Ta ble  
4:6Jb). The  d a t a  s h o w  th a t e v e n  u n d e r  t h e s e  c o n d i t i o n s  the
p h e n y l p y r i d a z i n o n e s  di d not i n h i b i t  p h y t o e n e  s y n t h e s i s .
The  e x t r a c t s  f r o m  P h v c o m v c e s  as p r e p a r e d  by 
S a n d m a n n  and c o - w o r k e r s  us ed  0 . 2 M  T r i s - H C I  c o n t a i n i n g  3 0% 
(v/v) g l y c e r o l  and 2mM m e r c a p t o e t h a n o l , w h e r e a s  the e x t r a c t s  
p r e p a r e d  h e r e  us ed 0 . 4 M  T r i s - H C I ,  w i t h o u t  a d d i t i v e s .  It
is p o s s i b l e  t h a t  th e f o r m e r  e x t r a c t i o n  t e c h n i q u e  p r e s e r v e d  
an i n h i b i t i o n  s i t e  t h a t  is lo s t w i t h  the l a t t e r  m e t h o d  of 
c e l l - f r e e  p r e p a r a t i o n .
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TABLE 4:6 THE EFFECT OF VARIOUS PHENYLPYRIDAZINONES (SOjiM) ON
C A R O T E N O G E N E S I S  BY AN  E X T R A C T  F R O M  P H Y C O M Y C E S
N O R F L U R A Z O N  D E R I V A T I V E
(3\
< Q ^ - N ^ N H C H 3
D.P.M. I N C O R P O R A T E D  
I NT O
P H Y T O E N E  p - C A R O T E N E
I N C O R P O R A T I O N  
R A T I O  
P H Y T O E N E /  p -C A R O T E N E
A: A E R O B I C  I N C U B A T I O N
R= 4-C F^ 4 25 34 2781 15 (4.6)
3 - S C F ^ 423 1 4 4607 9.2 (2.8)
3 -CF 3 3 6 6 7 6 5003 7.3 (2.2)
C o n t r o l 2 66 5  1 8006 3.3 (1.0)
B: A N A E R O B I C  I N C U B A T I O N
R= 3 - S C F 3 6 88 2 6 130
3 - C F 3 6 5 6 4 6 171
C o n t r o l 6 2 9 9 0 198
R -
P h v c o m v c e s  e x t r a c t  i n c u b a t e d  (2h, 20 C) a n a e r o b i c a l l y  ( T h u n b e r g  
t u b e s )  an d a e r o b i c a l l y  in th e p r e s e n c e  of 5 0 p M  h e r b i c i d e ,
O . S u C i  M V A  in s t a n d a r d  r e a c t i o n  m e d i a .
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TABLE 4:7 I 53 VALUES FOR INHIBITION OF CAROTENE SYNTHESIS IN
SCENEDESMUS CULTURES AND PHYSICAL DATA FOR SUBSTITUENTS
D E R I V A T I V E
1 2
I 5 0  L I P O P H I L I C I T Y  E L E C T R O N I C  P A R A M E T E R S  B U L K
P A R A M E T E R
(TT )
A: P H E N Y L  F U R A N E S
Om Op MR
(cm^vmol. )
3.4 - C I 2 0 . 0 5 p M 0.71 0.37 0.23 2 x 6 . 0 3
3 - C & H 5 O . I p M 1.96 0.08 n . a 2 5. 3 6
3 - C F 3 O . I p M 0 . 8 8 0.43 n . a 5.0 2
3 - S C H 3 0 . 1 2p M 0.61 0.15 n . a 1 3. 82
3 - O C H 3 0 . 1 5p M - 0 . 0 2 0 . 1 2 n . a 7.8 7
U n s u b s t i t u t e d 0 . 7 p M 0 0 0 1 .03
( 5 - c y c l o b u t y l a m i n o ) IpM n . a n . a n . a n . a
2 -Cl 1 . 2 p M 0.71 - 0.23 6.03
2,4 - C I 2 5.0  p n 1 .25 0.37 0.23 2 x 6 . 0 3
/. - O C 6 H5 n . i . d 2.08 - - 0 . 0 3 2 7. 68
(4 - c y c l o h e x y l ) n . i . d . n.a. n . a n . a n . a
B: P H E N Y L  P Y R I D A Z I N O N E S
3 - S C F 3  
3 - C F 3  
3 -C N 
3 - N O 2
U n s u b s t i t u t e d
3 - O S O 2 C H 3
3 - O C H 3
4 nm 
1 0 nm  
80 nm 
4 00 nm 
1 .8 pM  
3.8jjM 
14pM
1.44
0.88
- 0 . 5 7
- 0. 2 8
0
-0 . 88 
- 0.02
40
43
56
71
0 
0 
0 
0 
0
0.39
0 . 1 2
13.81
02
33
36
03
16.99
7.87
1. 1 5 0  v a l u e s  f r o m  B o e h l e r - K o h l e r  and B o g e r  ( u n p u b l i s h e d
r e s u l t s )  for  p h e n y l f u r a n e s  and S a n d m a n n  and B o g e r  (1982)
f or  p h e n y l p y r i d a z i n o n e s .
2. P h y s i c a l  d a t a  for s u b s t i t u e n t s  f r o m  H a n s c h  e ^  a_l' « 1973 .
n.a V a l u e  n ot  a p p l i c a b l e .
n . i . d .  No i n h i b i t i o n  d e t e c t a b l e .
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C H A P T E R  5
INHIBITION OF CAROTENOGENESIS BY DIPHENYL COMPOUNDS
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5:1 INTRODUCTION
A v a r i e t y  of d i p h e n y l  c o m p o u n d s ,  i n c l u d i n g  DPA, 
h a v e  b e en  r e p o r t e d  to i n h i b i t  c a r o t e n e  b i o s y n t h e s i s  in m a n y  
m i c r o - o r g a n i s m s  (see S e c t i o n s  1:4:7 and 1: 4: 8 for 
d i s c u s s i o n  1 ). A l t h o u g h  R i l l i n g  ( 1 965 ) p r o p o s e d  t h a t  such  
c o m p o u n d s  m i g h t  i n h i b i t  c a r o t e n o g e n e s i s  t h r o u g h  c o m p e t i t i o n  
w i t h  p a r t i a l l y  d e s a t u r a t e d  c a r o t e n e s  for s i t e s  on th e  
d e h y d r o g e n a s e ,  m e c h a n i s m s  i n v o l v i n g  t h e s e  c o m p o u n d s  in the 
i n h i b i t i o n  of p r o t e i n  s y n t h e s i s  h a v e  not b ee n  d i s c o u n t e d .
In t hi s  c h a p t e r  the e f f e c t  of d i p h e n y l  c o m p o u n d s  
on c a r o t e n e  b i o s y n t h e s i s  i n  v i t r o  is r e p o r t e d  and s t r u c t u r e -  
i n h i b i t o r  a c t i v i t y  r e l a t i o n s h i p s  d i s c u s s e d ,  e s p e c i a l l y  w i t h  
r e s p e c t  to t h e i r  p o s s i b l e  r o l e  as c o m p e t i t i v e  i n h i b i t o r s  
(R i l l i n g  1965).
5:2 R E A C T I O N  M I X T U R E S
C e l l ^ f r e e  p r e p a r a t i o n s  w e r e  i n c u b a t e d  a e r o b i c a l l y
(2h, 2 0 ^ 0  in s t a n d a r d  r e a c t i o n  m i x t u r e s  (see 2:2:3 ) w i t h
e i t h e r  0 . 5 p C i  ÇiL-[ 2-  ^^ C] M V A  , 0 . 5 p C i  [ 1 - ^ ^ C ] I P P  (for e x p e r i
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m e n t s  w i t h  P . b l a k e s l e e a n u s ) or O.TjuCi [2- C 3 G G P P  ( s p e c i f i c  
a c t i v i t y  1.0 m C i / m m o l ,  for e x p e r i m e n t s  w i t h  A o h a n o c a o s a ) as 
s u b s t r a t e .  D i p h e n y l  c o m p o u n d s  w e r e  d i s s o l v e d  in m e t h a n o l  
and a d d e d  to r e a c t i o n  m i x t u r e s  in 5p l a l i q u o t s  p r i o r  to 
a d d i t i o n  of c e l l — Free m a t e r i a l .
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5:3 RESULTS
Of all the d i p h e n y l  c o m p o u n d s  te st ed ,
d i p h e n y l a m i n e  (Ph N H .P h )  and b e n z o p h e n o n e  (Ph C O .P h)  w e r e  
f o u n d  to be the s t r o n g e s t  i n h i b i t o r s  of c a r o t e n e  
d e s a t u r a t i o n  in b o t h  c e l l - f r e e  s y s t e m s  ( Ta ble s 5.1 and 5.4). 
T he  e f f e c t s  of v a r i o u s  a r o m a t i c  k e t o n e s  and b e n z o p h e n o n e  
d e r i v a t i v e s  on c a r o t e n e  b i o s y n t h e s i s  w e r e  i n v e s t i g a t e d  u s i n g  
b o t h  s y s t e m s  and a c o m m o n  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p  
w a s  foun d. In b o t h  s y s t e m s ,  i n h i b i t o r  a c t i v i t y  d e c r e a s e d  as 
t he  k e t o n e  f u n c t i o n  b e c a m e  s e p a r a t e d  f r o m  e i t h e r  a r o m a t i c  
r i n g  and, w h i l s t  b e n z o p h e n o n e  o x i m e  (Ph C = N O H . P h )  w a s  f o un d  
to h a v e  a c e r t a i n  a m o u n t  of i n h i b i t o r y  a c t i v i t y ,  
b e n z o p h e n o n e  h y d r a z i n e  (Ph C = N N H 2 -Ph) had n o n e  ( T a b l e s  5.2, 
5.3 and 5.4).
C a r o t e n e  d e s a t u r a t i o n  in t he P h v c o m v c e s  s y s t e m  w a s  
f o u n d  to be m o d e r a t e l y  i n h i b i t e d  by d i p h e n y l m e t h a  ne ( P h C H 2 Ph) 
and t r a n s - s t i l b e n e  (Ph C H = C H  Ph, T a b l e  5.3) and the 
p e r o x i d i z i n g  d i p h e n y l e t h e r , o x y f l u o r f e n  ( s u b s t i t u t e d  PhOPh, 
T a b l e  5.1) w a s  a l s o  f o u n d  to i n h i b i t  c a r o t e n e  b i o s y n t h e s i s  
in th is s ys t e m.  C a r o t e n e  b i o s y n t h e s i s  w a s  not s i g n i f i c a n t l y  
a f f e c t e d  by b e n z o i n  ( P h C H 2 C H 0 H Ph, T a b l e  5.1) w h e r e a s  
d e o x y b e n z o i n  ( P h C H g C O . P h ,  T a b l e  5.3) w a s  f o u n d  to i n h i b i t  
d e s a t u r a t i o n .
T he  c o m m e r c i a l  s u b s t i t u t e d  d i p h e n y l  c o m p o u n d  
'M e t h o x y p h e n o n e ' (3,3- d i m e t h y l - 4 - m e t h o x y - b e n z o p h e n o n e ,N K - 049,
see S e c t i o n  1:4:7) w a s  f o u n d  to be a m u c h  s t r o n g e r  
i n h i b i t o r  of p h y t o e n e  d e s a t u r a t i o n  t h a n  n o r f l u r a z o n  in the 
P h v c o m v c e s  s y s t e m  (see T a b l e  5:5).
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TABLE 5.1 THE EFFECT OF VARIOUS DIPHENYL COMPOUNDS AND OXYFLUORFEN ON
C A R O T E N O G E N E S I S  BY AN  E X T R A C T  F R O M  P H Y C O M Y C E S
D I P H E N Y L  I N H I B I T O R I N C O R P O R A T I O N  ( D . P. M. ) 
INTO
P H Y T O E N E  ] 3 - C A R O T E N E
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
B e n z o p h e n o n e 1 2 7 7 1 2 477 270 (38)
D i p h e n y l a m i n e 158 60 3 304 520 (74)
O x y f l u o r f e n 9 6 2 9 2 1989 48 (6.9)
B e n z o i n 4 8 5 0 4 542 6 8.9 (1.3)
B e n z o y l  m e t h y l  a n i l i n e 8735 1 1419 6 . 0 (8 .8 )
C o n t r o l 4 3 7 3 8 6 24 0 7.0 ( 1 .0 )
P h v c o m v c e s  e x t r a c t  i n c u b a t e d  in s t a n d a r d  . . r e a c t i o n  m e d i a  
(See 2 : 2 : 3 )  in t h e  p r e s e n c e  of 0.5jjCi ^ - [ 2 -  C 3 M V A  and I O O jjM 
i n h i b i t o r  for  2h at 20°C.
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TABLE 5.2 THE EFFECT OF VARIOUS PHENYL KETONE INHIBITORS (lOOpM) ON
C A R O T E N O G E N E S I S  BY AN  E X T R A C T  F R O M  P H Y C O M Y C E S
D I P H E N Y L  I N H I B I T O R I N C O R P O R A T I O N  
INTO 
P H Y T O E N E  p -
( D . P . M . ) 
C A R O T E N E
I N C O R P O R A T I O N  
R A T I O  
P H Y T O E N E /  p - C A R O T E N E
B e n z o p h e n o n e 8 8 8 6 2 1 166 74 (48)
B e n z o p h e n o n e  o x i m e 5 4 3 5 3 3 1 0 9 17 ( 1 1 )
B e n z o p h e n o n e  h y d r a z o n e 17054 840 5 2 . 0 (1.3)
D i p h e n y l a c e t o n e 4 0 8 9 0 6 8 7 5 5.9 (3.9)
A c e t o p h e n o n e 1 3492 7 6 8 0 1 . 8 ( 1 . 1 )
C o n t r o l 1 16 75 7609 1.5 ( 1 .0 )
P h v c o m v c e s  e x t r a c t  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  m e d i a  
(See 2 :2 : 3 )  in t he  p r e s e n c e  o f  0 . 5 ^ C i  DJ_- [ 2 - ^ ^ C ] M V A  and  l OO ^M  
i n h i b i t o r  fo r 2h at 20 ^ C.
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TABLE 5.3 THE EFFECT OF VARIOUS DIPHENYL COMPOUNDS ON
CAROTENOGENESIS BY AN EXTRACT FROM PHYCOMYCES
D I P H E N Y L  I N H I B I T O R I N C O R P O R A T I O N  (D. P. M. ) 
INTO
P H Y T O E N E  p - C A R O T E N E
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
C o n t r o l  1 1 1, 80 7 4 1 , 8 6 0 0 .28 ( 1 .0 )
B e n z o p h e n o n e 7 5 , 3 4 2 3 , 600 21 (74)
D e o x y b e n z o i n 4 7 . 2 9 4 2 0 , 9 4 6 2.3 (8 .0 )
D i p h e n y l a c e t o n e 3 4 , 8 6 4 3 1 , 7 0 6 1 . 1 (3.9)
C o n t r o l  2 8 , 9 2 2 3 1 , 2 8 1 0. 28 ( 1 .0 )
D i p h e n y l m e t h a n e 5 5 , 9 1 8 1 0 , 4 3 5 5.4 (19)
t r a n s - S t i l b e n e 4 5 , 8 3 4 5 , 9 7 3 7.7 (27)
D e o x y b e n z o i n 4 2 , 6 5 7 2 2 , 8 2 5 1.9 (6 .6 )
P h v c o m v c e s  e x t r a c t  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  m e d i a  in th e 
p r e s e n c e  of 0 . 2 5 u C i  [ C ] I P P  and  l O O u M  d i p h e n y l  i n h i b i t o r  fo r 2h 
at 20°C.
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TABLE 5.4 THE EFFECT OF VARIOUS DIPHENYL COMPOUNDS ON
C A R O T E N O G E N E S I S  BY AN A P H A N O C A P S A  M E M B R A N E  P R E P A R A T I O N
D I P H E N Y L  I N H I B I T O R I N C O R P O R A T I O N  ( D. P. M. ) 
INTO
P H Y T O E N E  | 3 - C A R 0 T E N E
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
B e n z o p h e n o n e 1 ,495 500 3 . 0 (16)
D e o x y b e n z o i n 257 593 0 .43 (2.4)
D i p h e n y l a c e t o n e 274 1 , 0 1 1 0 .27 (1.5)
B e n z o p h e n o n e  o x i m e 488 911 0 .54 (2.9)
B e n z o p h e n o n e  h y d r a z o n e 138 1 ,296 0 . 1 1 (0 .6 )
D i p h e n y l a m i n e 855 661 1 .3 (7.0) -
C o n t r o l 177 970 0 . 18 ( 1 .0 )
A p h a n o c a p s a  m e m b r a n e  p r e p a r a t i o n  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  
m e d i a  in t he  p r e s e n c e  of O . T p C i  [ C J G G P P  and l O O p M  d i p h e n y l  
c o m p o u n d  for 2h at 20° C. C h l o r o p h y l l  c o n t e n t  = 55pg/200jUg a l i q u o t .
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T A B L E  5.5 T H E  E F F E C T  OF N O R F L U R A Z O N  A N D  M E T H O X Y P H E N O N E  ( N K -0 49 )  ON 
C A R O T E N O G E N E S I S  BY A N  E X T R A C T  F R O M  P H Y C O M Y C E S
I N H I B I T O R I N C O R P O R A T I O N  
INTO 
P H Y T O E N E  p -
( D . P . M . )
C A R O T E N E
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
N o r f l u r a z o n 4 8 , 9 5 9 3 , 1 2 2 16 (6.5)
M e t h o x y p h e n o n e 1 1 4 , 9 7 7 266 430 (180)
C o n t r o l 26 400 1 ,0 93 2.4 (1.0)
P h v c o m v c e s  e x t r a c t  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  m e d i a  
in t he  p r e s e n c e  of  0.5|jCi DL- [ 2 - ^ ^ C ] M V A  and l O O ^ M  h e r b i c i d e  
for 2 h at 2 0 ° C .
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5:4 DISCUSSION
Th e r e s u l t s  s h o w  t ha t in b o t h  s ys t e m s ,  i n h i b i t o r y  
a c t i v i t y  of d i p h e n y l  k e t o n e s  d e c r e a s e s  as the k e t o n e  g r o u p  
is i s o l a t e d  f r o m  e i t h e r  p h e n y l  r i n g  ( Ta ble s 5.3, 5.4).
T h u s  d e o x y b e n z o i n  ( P h C H 2 C 0 Ph) is not as e f f e c t i v e ^ i n h i b i t o r  
as b e n z o p h e n o n e  (PhCOPh) > and d i p h e n y l a c e t o n e  (P h C H 2 C O C H 2 P h ) 
is le s s  e f f e c t i v e  t h a n  e it h e r .  If s u ch  c o m p o u n d s  i n h i b i t  
t h r o u g h  c o m p e t i t i o n ,  t h e n  a c t i v i t y  s h o u l d  be r e l a t e d  to the 
d e g r e e  of s i m i l a r i t y  w i t h  the c a r o t e n o i d  s e g m e n t  s u r r o u n d i n g  
th e d e s a t u r a t i o n  site. It w a s s u g g e s t e d  t h a t  d i p h e n y l  
c o m p o u n d s  su ch  as b e n z o p h e n o n e  ‘f i t ’ the c a r o t e n o i d  s e g m e n t  
w e l l  s i n c e  t he  p h e n y l  r i n g s  c o i n c i d e  w i t h  the d e s a t u r a t e d  
b o n d s  and m e t h y l  s ide  c h a i n s  of t he  c a r o t e n o i d  and the 
k e t o n e  c o i n c i d e s  w i t h  th e d e s a t u r a t i o n  sit e (Fig. 5.1^; 
R i l l i n g ,  1965). U s i n g  the s a me  a r g u m e n t ,  d i p h e n y l a c e t o n e
m a y  be se en to 'fit' t h e  c a r o t e n o i d  s e g m e n t ,  a l t h o u g h  the. 
c o i n c i d e n c e  of o ne  p h e n y l  r i n g  is not  e x a c t  (Fig. 5:1bJ. 
Th is  s u g g e s t s  t h a t  su c h c o m p o u n d s  w o u l d  not be l o c a t e d  
e a s i l y  i n t o  t he  a c t i v e  si t e  of th e d e s a t u r a s e .  On the ba s i s  
of t hi s h y p o t h e s i s ,  d i p h e n y l a c e t o n e  w o u l d  be e x p e c t e d  to be 
a m o r e  a c t i v e  d e s a t u r a s e  i n h i b i t o r  t h a n  d e o x y b e n z o i n .
It is p o s s i b l e  t h a t  c o n j u g a t i o n  of t h e d i p h e n y l  
m o l e c u l e  is an i m p o r t a n t  f a c t o r  in d e t e r m i n i n g  the 
i n h i b i t o r y  a c t i v i t y  of t h e s e  c o m p o u n d s  in a d d i t i o n  to shape. 
Th e k e t o n e  and a m i n e  f u n c t i o n s  t h a t  s e p a r a t e  the a r o m a t i c  
r i n g s  of b e n z o p h e n o n e  and DPA, r e s p e c t i v e l y  m a k e  it p o s s i b l e  
for t h e r e  to be c o m p l e t e  c o n j u g a t i o n  t h r o u g h o u t  t h e s e  
m o l e c u l e s .  W h i l s t  d i p h e n y l m e t h a n e  ( P h C H g P h ) ,  or o x y f l u o r f e n .
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FIG. 5:1 VARIOUS DIPHENYL COMPOUNDS AS POTENTIAL COMPETITIVE
INHIBITORS OF CAROTENE DESATURATION
a. B e n z o p h e n o n e  
T y p e  I n h i b i t o r
b D i p h e n y l a c e t o n e  
T y p e  I n h i b i t o r
C A R O T E N E
S E G M E N T
Ç  B e n z o i n
T y p e  I n h i b i t o r
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has a s i m i l a r  s h a p e  to b e n z o p h e n o n e / D P A , r e s u l t s  s h o w  t ha t  
n e i t h e r  is as a c t i v e  an i n h i b i t o r  as t he c o n j u g a t e d  t r a n s - 
s t i l b e n e  ( P h C H = C H  Ph). a c o m p o u n d  of s i m i l a r  s h a p e  to 
d e o x y b e n z o i n  (T a bl e  5.3). Th e r e s u l t s  a l s o  s h o w  t h a t  the 
u n c o n j u g a t e d  d i p h e n y l  c o m p o u n d  b e n z o i n  ( Ph CH 2 CHOH.PI 1) 
u n l i k e  d e o x y b e n z o i n ,  has no e f f e c t  on c a r o t e n e  d e s a t u r a t i o n  
in the P h v c o m v c e s  s y s t e m  (T ab l e  5.1); it has b e e n  r e p o r t e d  
t h a t  d i p h e n y l  c a r b i n o l  ( P h C H O H . P h ,  u n c o n j u g a t e d  but of 
b e n z o p h e n o n e  l i k e  sh ap e)  i n h i b i t s  c a r o t e n e  d e s a t u r a t i o n  in 
c u l t u r e s  of N u c o r  h i e m a l i s  ( H e r b e r  e_t aj., 1 972 ). T h us  it 
m a y  be a r g u e d  t h a t  d e o x y b e n z o i n  is m o r e  a c t i v e  t h a n  
d i p h e n y l a c e t o n e  s i n c e  th e k e t o n e  g r o u p  in th e f o r m e r  
c o m p o u n d  is c o n j u g a t e d  w i t h  a p h e n y l  r i n g  w h e r e a s  in 
d i p h e n y l a c e t o n e  it is i s o l a t e d .  To a s s e s s  the c o n t r i b u t i o n  
of s h a p e  t o w a r d s  i n h i b i t o r  a c t i v i t y  it w o u l d  h a v e  b e e n  m o r e  
a p p r o p r i a t e  to h a v e  c o m p a r e d  the a c t i v i t y  of d e o x y b e n z o i n  
( P h C H g C O . P h )  to b e n z o y l  m e t h y l  t o l u e n e  ( P h C O C H 2 C H 2 P h ) 
r a t h e r  t h a n  to d i p h e n y l a c e t o n e .  T he r e s u l t s  s u g g e s t
h o w e v e r ,  on th e b a s i s  of r e l a t i v e  i n c o r p o r a t i o n  r a t i o s ,  t h a t  
t he a c t i v i t y  of b e n z o y l  m e t h y l  a n i l i n e  (P h C 0 C H 2 N H P h ) is 
not s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  of d e o x y b e n z o i n  ( Ta b l es
5.1 and 5:3); the e f f e c t  of t he a m i n e  in b e n z o y l  m e t h y l  
a n i l i n e  a c t i v i t y  is d e b a t a b l e .
F r o m  t h e s e  r e s u l t s  it is s u g g e s t e d  t h a t  d i p h e n y l  
c o m p o u n d s  i n h i b i t  d e s a t u r a t i o n  by b i n d i n g  to th e a c t i v e  
s i t e  as p r o p o s e d  by R i l l i n g  (1965). F u r t h e r m o r e ,  it is 
t e n t a t i v e l y  c o n c l u d e d  th a t the  a c t i v e  si te  has g r e a t  
s p e c i f i c i t y  for c o n j u g a t e d  s y s t e m s ,  but is p l a s t i c  e n o u g h  to 
a c c o m m o d a t e  s t r u c t u r e s  w i t h  u n f a v o u r a b l e  s h a p e  if such
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compounds are highly conjugated.
In b o t h  s y s t e m s ,  b e n z o p h e n o n e  h y d r a z o n e  (PhC = NNH P h ) 
had no e f f e c t  on c a r o t e n e  d e s a t u r a t i o n ,  w h i l s t  b e n z o p h e n o n e  
o x i m e  ( P h C = N O H . P h )  w a s  fo u n d  to be a m i l d  i n h i b i t o r  ( T ab l es
5.2 and 5.4). T h e  c h e m i c a l  d i f f e r e n c e s  b e t w e e n  t h e s e  two
d e r i v a t i v e s  is small, a h y d r o x y l  g r o u p  on the o x i m e  c o m p a r e d
w i t h  an a m i n o  g r o u p  on the h y d r a z o n e ,  yet the d i f f e r e n c e  in 
a c t i v i t y  is s i g n i f i c a n t ;  the r e a s o n  for this  is u n c l e a r .  
H o w e v e r ,  it is n o t e d  t h a t  w h i l s t  t h e s e  two s u b s t i t u e n t s  h a v e  
n e a r l y  e q u a l  m o l e c u l a r  w e i g h t s ,  t he  m o l a r  ref ract^nce. v a l u e s  
ar e s i g n i f i c a n t l y  d i f f e r e n t  ( 2 . 8 5 c m ^ / m o l  for -OH, 5 .4 2 cm m o l  
for -NH). B o t h  p h y s i c a l  c o n s t a n t s  w e r e  p r o p o s e d  as
p a r a m e t e r s  for s u b s t i t u e n t  b u l k  in s t r u c t u r e - a c t i v i t y
c o r r e l a t i o n  a n a l y s i s  ( H a n s c h  et a 1 . . 1973), w h e r e  the
u/«.re_
i n d i s c r i m i n a t e  u se of m o l a r  refractance- v a l u e s  ^ c a u t i o n e d  
a g a i n s t  s i n c e  t hi s p a r a m e t e r  " c o n t a i n s  an e l e c t r o n i c
c o n t r i b u t i o n ................ d i r e c t l y  p r o p o r t i o n a l  to p o l a r i z -
a b i l i t y " .  It is p o s s i b l e ,  c o n s i d e r i n g  the n e a r  i d e n t i c a l  
m o l e c u l a r  w e i g h t s ,  t h a t  the d i f f e r e n c e  in a c t i v i t y  b e t w e e n  
th e  o x i m e  and h y d r a z o n e  d e r i v a t i v e s  is d u e  to t h e  d i f f e r e n t  
e l e c t r o n i c  n a t u r e  of the h y d r o x y l  and a m i n o  f u n c t i o n s .
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C H A P T E R  6
T HE  I N H I B I T I O N  OF C A R O T E N O G E N E S I S  BY 
3 - P H E N O X Y - N - A L K Y L - B E N Z A M I  DES
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G.1 INTRODUCTION
S e v e r a l  s u b s t i t u t e d  4 - n i t r o d i p h e n y l  e t h e r s  h a v e  
b e e n  r e p o r t e d  as i n h i b i t o r s  of p h o t o s y n t h e t i c  e l e c t r o n  
t r a n s p o r t  (Bugg ejt a l . . 1 980 ), i n h i b i t o r s  of
p h o t o p h o s p h o r y l a t i o n  ( e n e r g y  t r a n s f e r  i n h i b i t i o n ;  L a m b e r t  
ejt a_l, 1 979 ) and as l i g h t - i n d u c e d  p e r o x i d i z i n g  a g e n t s  t h a t
d a m a g e  t h y l a k o i d  l i p i d s  ( K un e r t and Boger, 1982). The 
r e l a t i o n s h i p  b e t w e e n  n i t r o d i p h e n y l  e t h e r  s u b s t i t u t i o n  and 
p h y t o t o x i c  a c t i v i t y  has b e e n i n v e s t i g a t e d  w i t h  s p i n a c h  
c h l o r o p l a s t s  and c u l t u r e s  of S c e n e d e s m u s  a c u t u s  ( L a m b e r t  et 
a l . 1982).
C e r t a i n  3 - a l k y l a m i d o  d i p h e n y l  e t h e r s  (i.e. 3-
p h e n o x y - N - a l k y l - b e n z a m i d e s )  i n h i b i t  c a r o t e n e  d e s a t u r a t i o n  in
II
c u l t u r e s  of S c e n e d e s m u s  a c u t u s  ( L a m b e r t  and Boger, 1982). 
T h e s e  w o r k e r s  f o u n d  t h a t  t he  p o t e n c y  of the p h e n o x y b e n z a m i d e  
w a s  i n c r e a s e d  by  p h e n o x y  r i n g  s u b s t i t u t i o n  and t h a t  the  
m o s t  a c t i v e  c o m p o u n d  w a s  c o m p a r a b l e  in p o t e n c y  and a c t io n ,  
to n o r f l u r a z o n  (SAN 9789 ).
In t h i s  c h a p t e r  t he e f f e c t s  of v a r i o u s  p h e n o x y -
a l k y l - b e n z a m i d e s  on in v i t r o  c a r o t e n e  b i o s y n t h e s i s  are
p r e s e n t e d  and a b a s i c  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p  for 
t h e s e  c o m p o u n d s  is d i s c u s s e d .
5.2 A D D I T I O N A L  M A T E R I A L S  A N D  M E T H O D S
6:2:1 P H E N O X Y  A L K Y L  B E N Z A M I D E S
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6  : 2 : 1 : 1 I n d u s t r i a l  S o u r c e s . V a r i o u s  c o m p a n i e s  k i n d l y
s u p p l i e d  m a n y  3 - p h e n o xy - N .- a l ky l  b e n z a m i d e s ;  t h e s e  h a v e  be e n  
c i t e d  in S e c t i o n  2:1: 4.
6  : 2 : 1 : 2 O r g a n i c  S v n t h e s e s . ^ - p r o p y l - ,  i s o p r o p y l - ,  b u ty l - ,  
s e c - b u t v l -  and t e r t - b u t v l - . 3 - p h e n o x y - N - a l k y l  b e n z a m i d e  
d e r i v a t i v e s  w e r e  p r e p a r e d  f r o m  3 - p h e n o x y b e n z o i c  a ci d a n d t h e  
a p p r o p r i a t e  a l k y l a m i n e  via 3 - p h e n o x y b e n z o y l  c h l o r i d e :  the
a l k y l a m i n e s  and 3 - p h e n o x y b e n z o i c  a c i d  w e r e  p u r c h a s e d  f r o m  
A l d r i c h - E u r o p e  ( N e t t e t a l ,  W . G e r m a n y ) .  S i m i l a r l y ,  b u t y l  and 
e t h y l  d e r i v a t i v e s  of 3-( 4 *-c h l o r o - )- p h e n o x y - J ^ - a l k y l - b e n z a m i d e  
and 2 - p h e n o x y - N - b u t y l - b e n z a m i d e  w e r e  s y n t h e s i z e d  f r o m  the 
a p p r o p r i a t e  a l k y l a m i n e  and 3 - ( 4 c h l o r o )-p h e n o x y b e n z o i c  aci d  
( k i n d l y  s u p p l i e d  by B . A . S . F . )  or 2 - p h e n o x y b e n z o i c  acid
( p u r c h a s e d  f r o m  A l d r i c h - E u r o p e ).
\
3 - P h e n o x y b e n z o y l  c h l o r i d e s  w e r e  p r e p a r e d  f r o m  th e.  
a p p r o p r i a t e  p h e n o x y b e n z o i c  a ci d and t h i o n y l  c h l o r i d e  ( 2 x m o l a r  
e x c e s s )  r e f l u x e d  t o g e t h e r  ( 1 h , 8  0 ° , b o i l i n g  c hi p s )  w i t h
c o n t i n u o u s  s t i r r i n g  in the p r e s e n c e  of J^ , N.’- - d i m e t h y l f o r m a m i d e  
(2 d r o p s )  as a c a t a l y s t .  A f t e r  c o o l i n g ,  e x c e s s  t h i o n y l  
c h l o r i d e  w a s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  ( w a t e r pump, 30 
m in s )  at r o o m  t e m p e r a t u r e .  A s a m p l e  of the a c i d  c h l o r i d e  
w a s  a p p l i e d  to a s i l i c a  g e l  p l a t e  ( c o n t a i n i n g  f l u o r e s c e n t  
i n d i c a t o r )  and d e v e l o p e d  in p e t r o l e u m  e t h e r  = d i e t h y l  e t h e r  
( 1: 1 V / V ) ,  t o g e t h e r  w i t h  a f r e e  a ci d  m a r k e r .  No u.v. 
a b s o r b i n g  b a n d  w a s  o b s e r v e d  a d j a c e n t  to the f r e e  ac id  
m a r k e r  (Rf 0.8) f r o m  th e a p p l i e d  a c i d  c h l o r i d e .
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P h e n o x y - a l k y l - b e n z a m i d e s  w e r e  p r e p a r e d  by the 
d r o p w i s e - a d d i t i o n  of a c id  c h l o r i d e  ( a p p r o x . 0 . 8 ml) w i t h  
c o n t i n u o u s  s t i r r i n g  o n t o  an ice  co ld  s o l u t i o n  of the 
a l k y l a m i n e  (4x m o l a r  e x c e s s )  d i s s o l v e d  in c h l o r o f o r m  (50ml). 
A f t e r  the  m i x t u r e  had c o o l e d  it w a s  p a r t i t i o n e d  t h r e e  ti m e s  
a g a i n s t  w a t e r  and the  c h l o r o f o r m  l a y e r  ( h y p o p h a s e )  d e l i v e r e d  
t h r o u g h  f i l t e r  p a p e r  i n t o  a f l a s k  c o n t a i n i n g  a n h y d r o u s  
s o d i u m  s u l p h a t e  (2g). The d r i e d  s o l u t i o n  w a s  t h e n  f i l t e r e d  
i n t o  a r o u n d  b o t t o m  f l a s k  and t he  c h l o r o f o r m  e v a p o r a t e d  
u n d e r  r e d u c e d  p r e s s u r e  (30^).
If a f t e r  c h l o r o f o r m  e v a p o r a t i o n  t h e p r o d u c t  
s o l i d i f i e d ,  it w a s  r e c r y s t a l l i z e d  f r o m  a c h l o r o f o r m : p e t r o l e u m  
e t h e r  s o l u t i o n .  If not, the p r o d u c t  w a s  d i s s o l v e d  in 
c h l o r o f o r m ,  t r a n s f e r r e d  to a. t e s t  t u b e  and th e  c h l o r o f o r m  
r e m o v e d  u n d e r  a s t r e a m  of n i t r o g e n  at 40°C.
2 - P h e n o x y b e n z o y l  c h l o r i d e  w a s  p r e p a r e d  f r o m  the
a c i d  d i s s o l v e d  in c h l o r o f o r m : d i e t h y l  e t h e r  (1:1 v/v, 50ml) 
o
r e f l u x e d  (40 , 1h ) w i t h  t h i o n y l  c h l o r i d e  and p y r i d i n e  as a
c a t a l y s t .  T he  p y r i d i n e  h y d r o c h l o r i d e  w as  t h e n  f i l t e r e d  off 
and e x c e s s  t h i o n y l  c h l o r i d e  (and p y r i d i n e )  r e m o v e d  as 
d e s c r i b e d  ab ov e.
T h e  p u r i t y  of t h e s e  p h e n o x y - a l k y l - b e n z a m i d e s  wa s  
a s s e s s e d  by p r o t o n  m a g n e t i c  r e s o n a n c e  (B r u k e r  WH 250 MHz; 
C D C l g  s o l v e n t ) .  A l l  t h e  c o m p o u n d s ,  e x c e p t  one, p r o d u c e d  th e  
e x p e c t e d  d i s p l a c e m e n t  p r o f i l e s  and p r o t o n  r a t i o  c o r r e l a t i o n s  
and w e r e  t hu s  j u d g e d  to be at l e a s t  907. pure. T he  e x c e p t i o n  
w a s  t h a t  of 3 - ( 4 ’- c h l o r o - )p h e n y l - ^ - e t h y l - b e n z a m i d e , w h i c h  
p r o d u c e d  two u n e x p e c t e d  p e a k s  at 3 . 3 5  p.p. m.  and 4 . 0 0  p. p. m.
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T h e s e  p e a k s  a c c o u n t e d  for 3 8 % of t he  a l i p h a t i c  c h a i n  p r o t o n s  
and w e r e  s u g g e s t i v e  of an e t h y l  g r o u p  b o u n d  to a s t r o n g l y  
e l e c t r o n  w i t h d r a w i n g  m o i e t y .  T h e  c l o s e  c o r r e l a t i o n  of 
p r o t o n  r a t i o s  b e t w e e n  th e m a j o r  a l i p h a t i c  p r o t o n  p e a k s  and 
the a r o m a t i c  and a m i d e  p r o t o n  p e a k s  r u l e d  out the  
p o s s i b i l i t y  of the c o n t a m i n a n t  b e i n g  e i t h e r  a r o m a t i c  or^ 
p o s s e s s i n g  o t h e r  p r o t o n  c o n t a i n i n g  e n t i t i e s .  Th e
c o n t a m i n a n t  c o u l d  not be i d e n t i f i e d  f r o m  a l i b r a r y  of p r o t o n  
NMR s p e c t r a .  H o w e v e r ,  if th e m o l e c u l a r  w e i g h t  of the 
c o n t a m i n a n t  is b e l o w  1 0 0  d a l t o n s  (or 2 0 0  for a d i e t h y l  
c o m p o u n d )  t h e n  t he  3- (4  - c h l o r o - ) - p h e n o x y - N - e t h y l - b e n z a m i d e  
is 8 5 % ( w / w )  pure.
6: 2 : 2  R E A C T I O N  M I X T U R E S
C e l l  f r e e  p r e p a r a t i o n s  w e r e  i n c u b a t e d  a e r o b i c a l l y
o
(2h, 20 C) in the s t a n d a r d  r e a c t i o n  m i x t u r e  (see 2: 2: 3)  w i t h
14
e i t h e r  0.5 pCi [1- C ] I P P  (for e x p e r i m e n t s  w i t h  P .b l a k e s l e e a n u s  ) 
or 0.7 p C i C 2 - ^ ^ C ] G G P P  ( s p e c i f i c  a c t i v i t y  I . O m C i / m m o l ,  for 
e x p e r i m e n t s  w i t h  A o h a n o c a o s a ) as s u b s t r a t e .  P h e n o x y - a l k y l -  
b e n z a m i d e s  w e r e  d i s s o l v e d  in m e t h a n o l  and a d d e d  to r e a c t i o n  
m i x t u r e s  in 5 pi a l i q u o t s  p r i o r  to a d d i t i o n  of c e l l  fre e  
m a t e r i a l .
6:3 R E S U L T S  A N D  D I S C U S S I O N
6:3:1 E X P E R I M E N T S  W I T H  M E M B R A N E  P R E P A R A T I O N S  F R O M
A P H A N O C A P S A  6714
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6 : 3 : 1 :1 P r e l i m i n a r y  E x p e r i m e n t s .  A n u m b e r  of p h e n o x y -
a l k y l - b e n z a m i d e s  (PABs) t h a t  had b e e n  s c r e e n e d  for h e r b i c -  
i d a l  a c t i v i t y  in c u l t u r e s  of S c e n e d e s m u s  a c u t u s  . w e r e  t e s t e d  
as i n h i b i t o r s  of c a r o t e n e  b i o s y n t h e s i s  in the A p h a n o c a p s a  
s y s t e m  ( T a b l e  6:1). It had b e e n  fo u n d  t h a t  c a r o t e n e  
b i o s y n t h e s i s  in S c e n e d e s m u s  c u l t u r e s  w a s  i n h i b i t e d  o n l y  by 
t h o s e  PABs w i t h  p h e n o x y  r i n g  s u b s t i t u t i o n  and an a l k y l
U
m o i e t y  l a r g e r  t h a n  a m e t h y l  g r o u p  ( L a m b e r t  and Boger, 
19 8  3). W h i l s t  su ch PABs (i.e. S - 3 4 2 2  and C U R - 5 0 2 6 )  w e r e
a m o n g s t  the  m o s t  a c t i v e  i n h i b i t o r s  in th e A o h a n o c a o s a  
sy s t e m ,  th e u n s u b s t i t u t e d  p r o p e n y l  d e r i v a t i v e , C U R - 4 9 1 4 ,  
w a s  j u st  as e f f e c t i v e  and t he u n s u b s t i t u t e d  e t h y l  
d e r i v a t i v e ,  S - 31 41 ,  w a s  a l s o  an i n h i b i t o r  of
c a r o t e n o g e n e s i s .  T h e s e  r e s u l t s  s u g g e s t  t h a t  in the
A p h a n o c a p s a  sy s te m ,  t h e  i n h i b i t i o n  of c a r o t e n e  d e s a t u r a t i o n  
by PAB i n c r e a s e s  w i t h  a l k y l  g r o u p  siz e and p h e n o x y  ri n g  
s u b s t i t u t i o n .  T h e r e f o r e  t he  s t r u c t u r e  : a c t i v i t y  r e l a t i o n s h i p  
fo r PAB i n h i b i t i o n  in the two s y s t e m s  is s i m i l a r ,  but not 
i d e n t i c a l .  Th e a p p a r e n t  i m p o t e n c y  of u n s u b s t i t u t e d  PABs 
(e.g. C U R - 4 9 1 4 )  in S c e n e d e s m u s  c u l t u r e s  m a y  be a t t r i b u t a b l e
to t h e s e  c o m p o u n d s  not b e i n g  a b l e  to p e r m e a t e  th e c e l l  wa ll .
6  : 3 : 1 : 2 Th e E f f e c t  of A l k v l  C h a i n  S i z e  on PAB P o t e n c y .  
S i n c e  th e p r e l i m i n a r y  e x p e r i m e n t s  (6:3:1 :1) s u g g e s t e d  t h a t  
PAB p o t e n c y  i n c r e a s e d  w i t h  a l k y l  c h a i n  l e n g t h ,  th e r o l e  of 
t he  a l k y l  g r o u p  in PAB i n h i b i t i o n  of c a r o t e n e  d e s a t u r a t i o n  
w a s  i n v e s t i g a t e d  by o b s e r v i n g  th e e f f e c t  of v a r i o u s  
u n s u b s t i t u t e d  PABs on t he  A p h a n o c a p s a  sy st e m . The r e s u l t s  
( T a b l e  6:2) s h o w  t h a t  i n h i b i t o r y  a c t i o n  of PAB i n c r e a s e s
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TABLE 6:1 THE EFFECT OF VARIOUS PHENOXY-ALKYL &€NZAMIDES ON
CAROTENOGENESIS BY APHANOCAPSA MEMBRANE PREPARATIONS
P H E N O X Y  A L K Y L  B E N Z A M I D E
s
CONH R
s R
D . P . M .  I N C O R P O R A T E D  I N C O R P O R A T I O N
INTO R A T I O
P H Y T O E N E  p - C A R O T E N E  P H Y T O E N E / p - C A R O T E N
P-
- C H 3  (CUR 485 0) 22 8
- C H 2 C H 3  (S- 3 14 1)  533
- C H g C H z C H 2  (CUR 4914) 1198
2 ’ ,5 ’-(C:i3 ) 2  - C H 2 CH 3  (S- 3 42 2)  1 081
4 - Cl - C H 3  (CUR 5025) 355
4'- Cl - C H t C H j ^ g  (CUR 502 8) 1245
C o n t r o l 101
768
437
499
475
803
580
717
0. 3 0  (2.1)
1.2 (8.7)
2.4 (17)
2.3 (18)
0.4 4  (3.1)
2.2 (15)
0 .1 4  (1.0)
O x y f l u o r f e n 108 782 0.14 (1.0)
M e m b r a n e  p r e p a r a t i o n  f r o m  A p h a n o c a p s a  i n c u b a t e d  in s t a n d a r d  
r e a c t i o n  m e d i a  (see 2 : 2 : 3 )  in t h e  p r e s e n c e  of  lOp M  h e r b i c i d e ,  0 . 7 u C i  
[ 2 - l 4 c ] G G P P ,  for 2h at 20°C. C h l o r o p h y l l  c o n t e n t  = 5 0 p g  p e r  2 0 0 p l  
a l i q u o t .
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T A B L E  8:2 T H E  E F F E C T  OF  T H E  A L K Y L  C H A I N  ON P H E N O X Y  A L K Y L  B E N Z A M I D E  
I N H I B I T I O N  OF C A R O T E N O G E N E S I S  IN A P H A N O C A P S A  M E M B R A N E  
P R E P A R A T I O N S
P H E N O X Y  A L K Y L  B E N Z A M I D E D . P . M .  I N C O R P O R A T E D  
I NT O
P H Y T O E N E  i p - C A R O T E N E
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
- 1
- CH 3  (CUR 4850 ) 182 1557 0 . 1 1 (1.9)
- C H 2 C H 3 (S- 3141 ) 492 1354 0 .3 6 (6.7)
- C H 2C H 2 C H 3 877 694 0.9 8 (18)
- C H 2 C H 2C H 2 C H 3 1019 885 1 . 2 (2 1 )
- C H ( C H 3 ) 2 403 1093 0.3 7 (6 .8 )
- C H ( C H 3 ) C H 2C H 3 838 1004 0.8 4 (15)
- C ( C H 3 ) 3 215 1300 0.1 7 (3.0)
- C H ^ C H  = C H 2  (CUR 491 4) 925 1068 0.87 (16)
C o n t r o l 82 1500 0.0 5 ( 1 .0 )
M e m b r a n e  p r e p a r a t i o n  f r o m  A p h a n o c a p s a  i n c u b a t e d  in s t a n d a r d  
r e a c t i o n  m e d i a  in t he  p r e s e n c e  of p h e n o x y  a l k y l  b e n z a m i d e  (lOpM), 
O . T p C i  [2- C 3 G G P P ,  f or  2h at 20^0. C h l o r o p h y l l  c o n t e n t  = 60jjg p e r  
a l i q u o t .
O 200pl
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w i t h  a l k y l  c h a i n  l e n g t h ,  r a t h e r  t h a n  a l k y l  g r o u p  size; th e 
N ^ i s o p r o p y l  d e r i v a t i v e  has c o m p a r a b l e  a c t i v i t y  to 3 - p h e n o x y -  
ü - e t h y l - b e n z a m i d e  r a t h e r  t h a n  th e N - p r o p y l  d e r i v a t i v e  and 
t he  N - s e c - b u t v l  d e r i v a t i v e  c o m p a r a b l e  a c t i v i t y  to 3 - p h e n o x y -  
Ü - p r o p y l - b e n z a m i d e . H o w e v e r ,  the e f f e c t  of 3 - phenoxy-N.- 
t e r t - b u t v l  b e n z a m i d e  on c a r o t e n e  d e s a t u r a t i o n  w a s  l e s s  t h a n  
e x p e c t e d ,  by c o m p a r i s o n  w i t h  th e a c t i v i t y  of th e N - e t h y l  
d e r i v a t i v e ,  s u g g e s t i n g  a l k y l  g r o u p s  w i t h  b r a n c h i n g  at the 
a l p h a - c a r b o n  m a y  h i n d e r  the b i n d i n g  of th e PAB to the 
e n z y m e .
C o m p a r i s o n  of the i n h i b i t o r y  e f f e c t s  of the 
N - p r o p y l  and ü - p r o p e n y l  d e r i v a t i v e s  s u g g e s t s  t h a t  
d e s a t u r a t i o n  of th e b e t a - g a m m a  a l k y l  c a r b o n  b o n d  has no 
s i g n i f i c a n t  e f f e c t  on PAB a c t i v i t y .
6:3:1 ;3 T he E f f e c t  of R ina  P o s i t i o n  and S u b s t i t u t i o n . A
c o m p a r i s o n  of t h e  i n h i b i t o r y  a c t i v i t i e s  of 2 - p h e n o x y -  and 3 - 
p h e n o x y -  J ^ - b u t y l - b e n z a m i d e s  on c a r o t e n e  d e s a t u r a t i o n  s h o w s  
t h a t  the p h e n o x y  g r o u p  i n ^ o r t h o  p o s i t i o n  is not as e f f e c t i v e  
as w h e n  it is in the m e t a  p o s i t i o n  (T a b l e  6:3). T h i s  
d i f f e r e n c e  m a y  r e f l e c t  e i t h e r  t he  d i f f e r e n t  e l e c t r o n  
w i t h d r a w i n g  c a p a c i t y  of th e p h e n o x y  g r o u p  in t h e s e  tw o  
p o s i t i o n s ,  t he s t e r i c  f a c t o r s ,  or a c o m b i n a t i o n  of both.
Th e e f f e c t  of s u b s t i t u t i o n s  on the i n h i b i t o r y  
a c t i v i t y  of P AB s w a s  a s s e s s e d  by o b s e r v i n g  the a c t i o n  of 
v a r i o u s  s u b s t i t u t e d  3 - p h e n o x y - N - e t h y l - b e n z a m i d e s  on c a r o t e n e  
d e s a t u r a t i o n  by the A o h a n o c a o s a  s y s t em .  R e s u l t s  ( T a b l e  6:4) 
s u g g e s t  t h a t  s u b s t i t u e n t  l i p o p h i l i c i t y  is the key f a c t o r  in
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TABLE 6:3 THE EFFECT OF PHENYL RING POSITION IN PHENOXY"N“BUTYL-BENZAMIDE
INHIBITION OF CAROTENOGENESIS
P H E N O X Y  A L K Y L  B E N Z A M I D E D.P.M. I N C O R P O R A T E D  
INT O
P H Y T O E N E  p - C A R O T E N E
CONHCgHg
I N C O R P O R A T I O N
R A T I O
P H Y T O E N E / p - C A R O T E N E
2 - p h e n o x y
3- p h e n o x y
310
1025
951
539
0 .3 3  (4.5)
1.9 26)
C o n t r o l 78 1080 0.0 7  (1.0)
A p h a n o c a p s a  m e m b r a n e  p r e p a r a t i o n  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  
m e d i a  in  t h e  p r e s e n c e  of 0 . 7 p C i  [ ^ 4 c ] G 6 P P  an d l O p M  p h e n y l  a l k y l  
b e n z a m i d e  for 2h at 2 0 °C. C h l o r o p h y l l  c o n t e n t  = 50p g  per 
2 0 0 ^ 1  a l i q u o t .
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TABLE 6:4 THE EFFECT OF PHENYL RING SUBSTITUTION IN PHENOXY
N-ETHYL BENZAMIDE INHIBITION OF CAROTENOGENESIS
P H E N O X Y  A L K Y L  B E N Z A M I D E
R1
CONHRi
R2
D . P . M .  I N C O R P O R A T E D  I N C O R P O R A T I O N
INTO R A T I O
P H Y T O E N E  | 3 - C A R O T E N E  P H Y T O E N E / p - C A R O T E N E
4 ■ - Cl - C 2 H 5 -H 960 722 1 .3 (17.5)
2 ’ .5'- ( C H 3 ) 2 - C 2 H 5 -H 1428 640 2 . 2 (29)
2' , C F 3 . 4 ‘-C1 - C 2 H 5 -H 1562 494 3.2 (42)
2 ’ , 5 ' - ( C H 3 ) 2 - C 2 H 5 -N O 2 139 1 1 1 2 0.13 ( 1 .6 )
2 ‘-CF3 , 4" -Cl - C 2 H 5 - N O 2 123 1085 0 . 1 1 (1.5)
4'-  Cl - C H 3 -H 242 1169 0 . 2 1 (2.7)
C o n t r o l 76 1003 0.07 ( 1 .0 )
A p h a n o c a o s a  m e m b r a n e  p r e p a r a t i o n  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  
m e d i a  in t h e  p r e s e n c e  of  O . T p C i  [2- ^ C ] G G P P  and lOp M p h e n o x y  
a l k y l  b e n z a m i d e  for 2h at 20®C. C h l o r o p h y l l  c o n t e n t  = 53|jg per 
2 0 0 yl a l i q u o t .
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d e t e r m i n i n g  s u b s t i t u t e d  PAB p o t e n c y ;  no c o r r e l a t i o n  w a s  
f o u n d  b e t w e e n  s u b s t i t u e n t  b u l k  or s u b s t i t u e n t  e l e c t r o n  
w i t h d r a w i n g  c a p a c i t y  and the s u b s t i t u t e d  PAB i n h i b i t o r  
a c t i v i t y .  Th e m o s t  a c t i v e  PAB w a s  fo u n d  to be the  2'- 
t r i f l u r o m e t h y l - 4 ' - c h l o r o  d e r i v a t i v e  [l i p o p h i l i c i t y f a c t o r  
( TT ), = 1.50] f o l l o w e d  by the 2 ',5' d i m e t h y l  ( TT = 1 . 1 0 )
and th e 4 ' - c h l o r o  ( TT = 0.71) d e r i v a t i v e s  of 3 - p h e n o x y - ^ -  
e t h y l  b e n z a m i d e .  The  p o t e n c y  of the  s u b s t i t u t e d  c o m p o u n d s ,  
as m e a s u r e d  by r e l a t i v e  p h y t o e n e  = j ^ - c a r o t e n e  r a t i o s ,  w e r e  
a ll  g r e a t e r  t h a n  t h a t  of the u n s u b s t i t u t e d  d e r i v a t i v e  3- 
p h e n o x y - N - e t h y l - b e n z a m i d e  ( TT = 0 . 0 0 ; see T a b l e s  6 : 1  and 
6:2). L i p o p h i l i c i t y  f a c t o r s  ( T T ) w e r e  c a l c u l a t e d  f r o m  
o c t a n o l - w a t e r  p a r t i t i o n s  of s u b s t i t u t e d  and u n s u b s t i t u t e d  
a r o m a t i c  c o m p o u n d s  ( u s u a l l y  b e n z e n e  and d e r i v a t i v e s )  as 
c i t e d  by H a n s c h  a_l. , ( 1 973).
A l t h o u g h  3- (2*,5' d i m e t h y l )  and 3 - ( 2 ' - t r i f l u o r o -
m e t h y l ,  4' c h l o r o ) - p h e n o x y - N - e t h y l - b e n z a m i d e s  p r o v e d  to be 
p o t e n t  i n h i b i t o r s  of c a r o t e n e  d e s a t u r a t i o n ,  the B - n i t r o  
d e r i v a t i v e s  of the s a m e  PABs w e r e  not ( Ta b l e  6.4). The i n t r o ­
d u c t i o n  of a n i t r o  g r o u p  n e x t  to t h e  a l k y l  a m i d o  f u n c t i o n  
a p p a r e n t l y  r e m o v e s  th e a b i l i t y  of PABs  to i n h i b i t  c a r o t e n e  
d e s a t u r a t i o n .  Th us  3 -(2' ,5' d i m e t h y l )  and 3 - ( 2 ' - t r i f l u o r o m e t h y l , 
4 ' - c h l o r o )-p h e n o x y - 6 - n i t r o - H - e t h y l  b e n z a m i d e s  p r o v e d  to be 
w e a k e r  i n h i b i t o r s  t h a n  3 - ( 4 ' - c h l o r o - )  - N - m e t h y l  b e n z a m i d e .
In c u l t u r e s  of S c e n e d e s m u s  a c u t u s . h o w e v e r ,  the sa m e  6 - n i t r o  
PA Bs p r o v e d  to be e f f e c t i v e  p e r o x i d i z i n g  d i p h e n y l  e t h e r s  
( L a m b e r t  and Boger, 1 984 ). P e r o x i d a t i o n  in v i v o  r e s u l t s  in, 
a m o n g s t  o t h e r  s y m p t o m s ,  a l o s s of c a r o t e n o i d s  t h a t  m a k e s  it
176
TABLE 6:5 THE EFFECT OF VARIOUS PHENOXY ALKYL BENZAMIDES ON
CAROTENOGENESIS BY EXTRACTS OF PHYCOMYCES
P H E N O X Y  A L K Y L  B E N Z A M I D E
CONHR
D .P .M .  I N C O R P O R A T E D  I N C O R P O R A T I O N
INTO R A T I O
P H Y T O E N E  p - C A R O T E N E  P H Y T O E N E / p - C A R O T E N E
R1 R2
-H 1 8257 30 8 3 8 0.59 (2.1)
- ( C H 2 )3 C H 3  -H 4 4 8 2 2 148 10 3.0 (10.6)
2 ' - C F ^ 4 ' - C l  - C 2 H 5 -H 3 5 9 4 4 17213 2 . 1 (7.3)
2'-CF3,4'-Cl -C2 H5 -NO  2  2 1 4 2 3 277 95 0.77 (2.7)
C o n t r o l 8922 31281 0.2 8  ( 1 .0 )
E x t r a c t  f r o m  P h v c o m v c e s  i n c u b a t e d  in s t a n d a r d  r e a c t i o n  m e d i a  in 
the p r e s e n c e  of ( 1 - ^ ^ C ] IPP and 6 0 u M  p h e n o x y  a l k y l  b e n z a m i d e  for 2h 
at 2 0 t .
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d i f f i c u l t  to d e t e r m i n e  the p h y t o t o x i c  c o n t r i b u t i o n  d u e  to 
i n h i b i t i o n  of c a r o t e n e  b i o s y n t h e s i s  of a p o s s i b l y  m u l t i ­
f u n c t i o n a l  p e r o x i d i z i n g  h e r b i c i d e .  In such  a c a s e  as this, 
a c a r o t e n o g e n i c  c e l l  —  f ree  s y s t e m  is an i d e a l  a n a l y t i c a l  
t o o l .
6 : 3 : 2  E X P E R I M E N T S  W I T H  C E L L  F R E E  E X T R A C T S  OF
P H Y C O M Y C E S  B L A K E S L E E A N U S
E x p e r i m e n t s  w i t h  th e  P h v c o m v c e s  s y s t e m  and 
s e l e c t e d  PABs, r e v e a l e d  a s i m i l a r  s t r u c t u r e - a c t i v i t y  
r e l a t i o n s h i p  for PAB i n h i b i t i o n  of c a r o t e n e  d e s a t u r a t i o n  as 
r e p o r t e d  for t h e A p h a n o c a o s a  s y s t e m  (Ta b le  6:5). It w as  
n o t i c e a b l e  t h a t  the P h v c o m v c e s  s y s t e m  wa s  not as s e n s i t i v e  
as t h a t  of A p ha  n o c a o s a . m a k i n g  it n e c e s s a r y  to use a 6 0 y M  
s t a n d a r d  c o n c e n t r a t i o n  of PAB.
T he N r b u t y l  d e r i v a t i v e  w a s  m o r e  e f f e c t i v e  t h a n  the 
N - e t h y l  d e r i v a t i v e  and the s u b s t i t u t e d  2 ’- t r i f l u o r o m e t h y l . 
4 ' - c h l o r o  d e r i v a t i v e  w a s  m o r e  p o t e n t  t h a n  the u n s u b s t i t u t e d  
PAB (T a b l e  6:5). A l t h o u g h  the a c t i v i t y  of t h e 6 - n i t r o  PAB 
w a s  c o n s i d e r a b l y  l e s s  t h a n  t h e  c o r r e s p o n d i n g  n o n - n i t r a t e d  
d e r i v a t i v e ,  it w a s  f o u n d  to be i n h i b i t o r y  in t h i s  s ys tem .
N o n e  of the c o m p o u n d s  a f f e c t e d  the i n c o r p o r a t i o n  
of ^^C l a b e l  f r o m  [ ^"^C]IPP i n t o  s q u a l e n e  or i n t o  t o t a l  
t e r p e n o i d s  ( r e s u l t s  not sho w n ),  t h u s  i n d i c a t i n g  t h a t  the  
e f f e c t  of PAB i n h i b i t i o n  w a s  r e s t r i c t e d  to the c a r o t e n o i d s .
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6:4 CONCLUSIONS
R i l l i n g  (1965) p r o p o s e d  t h a t  d i p h e n y l  c o m p o u n d s  
and p h e n a z i n e  d y e s  i n h i b i t e d  c a r o t e n e  b i o s y n t h e s i s  in 
M y c o b a c t e r i u m  spp. t h r o u g h  c o m p e t i t i v e  i n h i b i t i o n  w i t h  
p a r t i a l l y  s a t u r a t e d  c a r o t e n e s  for th e d e s a t u r a s e .  T h i s  
h y p o t h e s i s  m a y  be e x t e n d e d  to p r o v i d e  an e x p l a n a t i o n  for th e  
a c t i o n  of P ABs  on c a r o t e n e  d e s a t u r a t i o n  in the two c e l l - f r e e  
s y s t e m s  d i s c u s s e d  ab ov e.  The PAB can be t h o u g h t  of in t e r m s  
of a p a r t i a l l y  s a t u r a t e d  c a r o t e n e  (Fig. 6:1), p o s s i b l y  in 
t r a n s i t i o n  state , s uch  t h a t  th e  a m i d e  b o n d  r e p r e s e n t s  the  
b o n d  t h a t  is to be d e s a t u r a t e d ,  t he  b e n z a m i d e  ri ng  t he  
c o n j u g a t e d  s e g m e n t  of t he c a r o t e n o i d  and th e a l k y l  c h a i n  t he  
u n c o n j u g a t e d  r e g i o n ;  the p h e n o x y  r i n g  is t h o u g h t  to g i v e  
b u l k  and l i p o p h i l i c i t y  to the s t r u c t u r e .
W h i l s t  the r e s u l t s  ar e c o m p a t i b l e  w i t h  th is  
h y p o t h e s i s ,  t h e r e  is, as yet, l i t t l e  d i r e c t  e v i d e n c e  in its 
s u p p o r t .  H o w e v e r ,  s u ch  a m o d e l  p r o v i d e s  an e x p l a n a t i o n  for 
t h e  r e l a t i v e l y  p o o r  p o t e n c y  of PA Bs p o s s e s s i n g  b r a n c h e d  
a l k y l  c h a i n s  at th e a l p h a  ca r b o n ,  but  i m p l i e s  t h a t  b r a n c h i n g  
at t h e  b e t a - c a r b o n  s h o u l d  i m p r o v e  i n h i b i t o r  a c t i v i t y .  Un f or t  
u n a t e l y ,  no s u ch  PAB (e.g. 3 - p h e n o x y - N - i s o b u t y l - b e n z a m i d e )  
w a s  a v a i l a b l e  to t e s t  this p o s s i b i l i t y .
T h e  p o o r  i n h i b i t o r  a c t i v i t y  of 6 - n i t r o  PABs in the 
A p h a n o c a o s a  s y s t e m  m a y  be i n t e r p r e t e d  in t h e s e  t e r m s  if it 
is a s s u m e d  t h a t  th e A p h a n o c a o s a  d e s a t u r a s e  is i n h i b i t e d  o n l y  
by PABs in t he f o l d e d  c o n f i g u r a t i o n  (Fig. 6:1, j.). If so,
t h e n  any  s u b s t i t u t i o n  in th e 6 - p o s i t i o n  of t he b e n z a m i d e
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PIG. 6:1 PHENOXY ALKYL BENZAMIDES AS POTENTIAL COMPETITIVE
INHIBITORS OF CAROTENE DESATURATION
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r i n g  w o u l d  s t e r i c a l l y  h i n d e r  an y a s s o c i a t i o n  b e t w e e n  e n z y m e  
and the  c o n j u g a t e d  a r o m a t i c  ri ng. H o w e v e r ,  in the
P h v c o m v c e s  s y s t e m  su ch 6 - n i t r o  PABs h a v e  r e a s o n a b l e  
i n h i b i t o r y  a c t i v i t y .  T hi s  m a y  be d u e  to the P h v c o m v c e s
e n z y m e  s it e b e i n g  a b l e  to a c c o m m o d a t e  b o t h  f o l d e d  and o p e n  
PAB c o n f i g u r a t i o n s  ( F i g . 6:1, a .b ) or to the e n z y m e  b e i n g  
s e n s i t i v e  to the  d i p h e n y l  e t h e r  ( a n a l o g o u s  to i n h i b i t i o n  by 
DPA) in a d d i t i o n  to th e b e n z a m i d e  f u n c t i o n  (Fig. 6 : 1 , c.). 
T h e s e  c o n j e c t u r e s  c o n s i d e r  o n l y  t h e  s t e r i c  e f f e c t s  of th e  6- 
n i t r o  s u b s t i t u t i o n  on PAB i n h i b i t o r  a c t i v i t y ;  s u b s t i t u t i o n  
a l s o  a f f e c t s  th e e l e c t r o n i c  n a t u r e  of the  r i n g  and l i p o p h i ­
l i c i t y ,  b o t h  of w h i c h  m a y  p l a y  s o m e  r o l e  in this c o n t e x t .
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C H A P T E R  7
O V E R A L L  C O M M E N T S  A N D C O N C L U S I O N S
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7.1 THE CELL-FREE SYSTEMS
The c e l l - f r e e  s y s t e m s  d i s c u s s e d  in t his  t h e s i s  m a y
be c o n s i d e r e d  as a f i r s t  s t e p  t o w a r d s  t he p u r i f i c a t i o n  of
the  c a r o t e n o g e n i c  e n z y m e s .  In a d d i t i o n ,  t h e s e  c r u d e  e n z y m e
s y s t e m s  o f f e r  s e v e r a l  a d v a n t a g e s  o v e r  w h o l e  c e l l  c u l t u r e s  in
a s s e s s i n g  b l e a c h i n g  a c t i v i t y  of h e r b i c i d e s .  R e s u l t s  f r o m
t he c e l l - f r e e  s y s t e m s  r e f l e c t  t he i m m e d i a t e  e f f e c t  of
c h e m i c a l s  on e x i s t i n g  e n z y m e s ,  e n a b l i n g  t r u e  i n h i b i t o r s  of
c a r o t e n o g e n e s i s  to be d i s t i n g u i s h e d  f r o m  p r o t e i n
b i o s y n t h e s i s  i n h i b i t o r s  and i n h i b i t o r s  t h a t  l e a d  to the
d e s t r u c t i o n  of p i g m e n t  m o l e c u l e s ,  e.g. by p e r o x i d a t i o n .
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S i n c e  t h e s e  s y s t e m s  are c r u d e  h o w e v e r ,  r a d i o a c t i v e  s u b s i s t e s  
a re  a v a i l a b l e  to a n u m b e r  of t e r p e n o i d - s y n t h e s i z i n g  e n z y m e s  
and the  a d d e d  c o f a c t o r s  a v a i l a b l e  to m a n y  e n z y m e s ,  any of 
w h i c h  m a y  i n f l u e n c e  c a r o t e n e  b i o s y n t h e s e s  and be a f f e c t e d  by 
v a r i o u s  i n h i b i t o r s .  For t h e s e  r e a s o n s ,  c a u t i o n  m u s t  be
e x e r c i s e d  w h e n  i n t e r p r e t i n g  d a t a  on the e f f e c t  of v a r i o u s  
c h e m i c a l s  on c a r o t e n e  b i o s y n t h e s i s , p a r t i c u l a r l y  w h e n  the 
e f f e c t  is s m a l l  a n d / o r  w i t h  r e s p e c t  to c o f a c t o r  r e q u i r e m e n t .
A l t h o u g h  t h e s e  s t u d i e s  h a v e  no t u n e q u i v o c a l l y  
s h o w n  t h at  the  s y s t e m  f r o m  A p h a n o c a o s a  is c o m p l e t e l y  c e l l  
free, the a m o u n t  of c h l o r o p h y l l  no l o n g e r  p r e s e n t  in w h o l e  
c e l l s  a f t e r  o s m o t i c  s h o c k  of t h e s p h e r o p l a s t s ,  is at l e a s t
9 0%: this s u g g e s t s  t h a t  a s i m i l a r  p e r c e n t a g e  b r e a k a g e  of
c e l l s  has o c c u r r e d  (B ra ml e y,  p e r s o n a l  c o m m u n i c a t i o n ) .  In 
a d d i t i o n  t h e r e  is e v i d e n c e  to s u g g e s t  t h a t  th e  
c a r o t e n o g e n i c a l l y  a c t i v e  c o m p o n e n t  is c e l l  free. R e a c t i o n  
m e d i a  c o n t a i n i n g  w a t e r  or T r i s - H C I  (Ü.4M) w a s h e d
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s p h e r o p l a s t s ,  p r o c e d u r e s  e x p e c t e d  to p r o m o t e  l y s i s ,  w e r e  
f o u n d  to i n c o r p o r a t e  6. 5 - 7  t i m e s  m o r e  r a d i o a c t i v i t y  i n t o  
c a r o t e n e s  t h a n  m e d i a  c o n t a i n i n g  s p h e r o p l a s t s  t h a t  w e r e  
s u s p e n d e d  in s t a b i l i z i n g  b u f f e r  p r i o r  to i n c u b a t i o n  ( C l a r k e  
et al.. 1982). R e a c t i o n  m e d i a  c o n t a i n i n g  t he  w h o l e
s p h e r o p l a s t  p r e p a r a t i o n  w o u l d ,  at t he end of i n c u b a t i o n ,  be 
e x p e c t e d  to c o n t a i n  a s i g n i f i c a n t  p r o p o r t i o n  of l y s e d
s p h e r o p l a s t s .  It is a r g u a b l e  t h a t  it is t h e s e  l y s e d  
s p h e r o p l a s t s  t h a t  are  r e s p o n s i b l e  for th e m o d e s t  c a r o t e n o ­
g e n i c  a c t i v i t y  of th e "intact" s p h e r o p l a s t  p r e p a r a t i o n .
T he  e x p e r i m e n t s  p r e s e n t e d  in t hi s  t h e s i s  i n d i c a t e  
the c o f a c t o r s  and c o n d i t i o n s  n e c e s s a r y  for m a x i m u m  
i n c o r p o r a t i o n  of r a d i o a c t i v i t y  i n t o  p - c a r o t e n e  and the e f ­
f e c t  of t h r e e  or f o u r  c l a s s e s  of i n h i b i t o r  on c a r o t e n e  
b i o s y n t h e s i s  in the tw o  i n  v i t r o  s y s t e m s .  T h e c o f a c t o r  
r e q u i r e m e n t s  and the r e s p o n s e  to d i p h e n y l  c o m p o u n d s  and 
p h e n o x y - a l k y l - b e n z a m i d e s  (P A B s ) p r o v e d  to be e s s e n t i a l l y  
s i m i l a r  in b o t h s y s t e m s ,  a l t h o u g h  t he  r e s p o n s e  to
p h e n y l p y r i d a z i n o n e '  and p h e n y l f u r a n e  h e r b i c i d e s  w a s  not the 
same. T hus  it is p r e s u m e d  t h a t  w h i l s t  th e c a r o t e n o g e n i c
a p p a r a t u s  in t h e s e  two o r g a n i s m s  is s i m i l a r ,  t h e r e  are so m e
s i g n i f i c a n t  d i f f e r e n c e s .
E x p e r i m e n t s  h a v e  s h o w n  t h a t  the PAB s t r u c t u r e -  
a c t i v i t y  r e l a t i o n s h i p  in c u l t u r e s  of S c e n e d e s m u s  a c u t u s  is 
s i m i l a r  to th a t e l u c i d a t e d  for the A p h a n o c a o s a  and
P h v c o m v c e s  c e l l - f r e e  s y s t e m s  ( L a m b e r t  and Boge r, 1984). This  
s u g g e s t s  t h a t  PABs m a y  i n t e r a c t  w i t h  a c o m m o n e v o l u t i o n a r y  
s t a b l e  si te on t he d e h y d r o g e n a s e .  W h i l s t  t hi s is c o m p a t i b l e
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w i t h  t he c o m p e t i t o r  h y p o t h e s i s  (see 6:4), r e c e n t  k i n e t i c  
e x p e r i m e n t s  s u g g e s t  t h a t  i n h i b i t i o n  by S - 3 4 2 2  is non-
a
c o m p e t i t i v e  in th e Aohanocaps|^ s y s t e m  ( S a n d m a n n  and B r a m l e y ,  
p e r s o n a l  c o m m u n i c a t i o n ) .  T h e r e f o r e ,  the h y p o t h e t i c a l
e v o l u t i o n a r y  s t a b l e  s it e a p p e a r s  n ot  to be th e a c t i v e  s i t e  
of t h e  d e h y d r o g e n a s e .
Th e d i f f e r e n c e  in s e n s i t i v i t y  b e t w e e n  t he  two 
c e l l - f r e e  s y s t e m s  to the s u b s t i t u t e d  p h e n y l p y r i d a z i n o n e s  and 
p h e n y l f u r a n e s  r e f l e c t s  d i f f e r e n c e s  in e n z y m e  s t r u c t u r e .  It 
is p o s s i b l e  t h a t  t he  p h y t o e n e  d e s a t u r a s e  of P h v c o m v c e s  l a c k s  
(or has l o s t  d u r i n g  p r e p a r a t i o n  of t he c e l l  e x t r a c t )  the 
d i f u n o n e  b i n d i n g  si te  and t h a t  t h e p h e n y l p y r i d a z i n o n e  
b i n d i n g  s it e is o n l y  p a r t i a l l y  p r e s e n t  on t h i s  e n z y m e .  
A l t e r n a t i v e l y ,  b o t h  s it es  m a y  be p r e s e n t ,  but not r e a d i l y  
a c c e s s i b l e  to t h e s e  h e r b i c i d e s .
7.2 P H Y T O E N E  O V E R A C C U M U L A T  I ON
The i n h i b i t o r s  d i s c u s s e d  a b o v e  a ll  a p p e a r  to act 
u p o n  the c a r o t e n e  d e h y d r o g e n a s e ,  p r o d u c i n g  i n c r e a s e d  
i n c o r p o r a t i o n  of C^^C] l a b e l  i n t o  p h y t o e n e  and a d e c r e a s e d  
i n c o r p o r a t i o n  i n t o  ^ - c a r o t e n e .  In b o t h  s y s t e m s ,
p a r t i c u l a r l y  in t h a t  f r o m  P h v c o m v c e s . s uc h i n h i b i t i o n  c a u s e s  
m o r e  r a d i o a c t i v i t y  to be i n c o r p o r a t e d  i n t o  p h y t o e n e  t h a n  is 
"l os t "  f r o m  p - c a r o t e n e .  T h u s  t h e  q u e s t i o n  a r i s e s  "C an  it 
be a s s u m e d  t h a t  a ll  the a c c u m u l a t e d  p h y t o e n e  iji v i t r o  is a 
r e s u l t  of d e h y d r o g e n a s e  i n h i b i t i o n " ?  In t h e P h v c o m v c e s
s y s t e m  it has b e e n  s h o w n  t h a t  a c e t o n e  r a i s e s  i n c o r p o r a t i o n
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of [ l a b e l  i n t o  p h y t o e n e  at t h e  e x p e n s e  of t h a t  i n t o
s q u a l e n e ,  r a t h e r  t h a n  |B> - c a r o t e n e  (see 4 : 2 : 2 ) .  T h u s  in 
P h v c o m v c e s  at l e a s t  t h e r e  is a n o t h e r  m e c h a n i s m  t h r o u g h  w h i c h  
p h y t o e n e  a c c u m u l a t e s  i_n v i t r o . T h e r e  is no e v i d e n c e  in the 
r e s u l t s ,  h o w e v e r ,  to s u g g e s t  t h a t  a ny  o t h e r  i n h i b i t o r  of 
c a r o t e n e  f o r m a t i o n  in the P h v c o m v c e s  s y s t e m  a f f e c t s  
i n c o r p o r a t i o n  i n t o  s q u a l e n e .  A l t h o u g h  t h e r e  m a y  be a l i t t l e  
p h y t o e n e  a c c u m u l a t e d  t h r o u g h  i n h i b i t o r  i n t e r - a c t i o n  o t h e r  
t h a n  w i t h  the d e s a t u r a s e ,  the r e s u l t s  s u g g e s t  a r e l a t i o n s h i p  
b e t w e e n  t h e  i n h i b i t i o n  of p ? - c a r o t e n e  f o r m a t i o n  and th e  
a c c u m u l a t i o n  of p h y t o e n e .  T hu s  it is c o n c l u d e d  t h a t  w i t h  
t he  i n h i b i t o r s  s t u d i e d  here, m o s t  if no t a ll of th e  
a c c u m u l a t e d  p h y t o e n e  is a r e s u l t  of i n h i b i t i o n  of 
d e s a t u r a t i o n .
C h e m i c a l  i n h i b i t i o n  of c a r o t e n o g e n e s i s  is not the  
o n l y  m e c h a n i s m  t h r o u g h  w h i c h  p h y t o e n e  is a c c u m u l a t e d .  In 
b o t h  c e l l - f r e e  s y s t e m s  i n c u b a t i o n  u n d e r  a n a e r o b i c  c o n d i t i o n s  
r e s u l t e d  in p h y t o e n e  o v e r - a c c u m u l a t i o n  and l os s of ^ - c a r o t e n e  
s y n t h e s i s  (see 3 : 3 : 1 : 2 and 3 : 3 : 2 : 2) . W h e n  P h v c o m v c e s
e x t r a c t s  w e r e  i n c u b a t e d  in n i t r o g e n  no f u r t h e r  p h y t o e n e  
a c c u m u l a t e d  in th e p r e s e n c e  of p h e n y l p y r i d a z i n o n e  i n h i b i t o r s  
(see T a b l e  4:7). C e l l - f r e e  e x t r a c t s  f r o m  ca r A . c a r B . c a r R 
as w e l l  as c a r S m u t a n t s  of P h v c o m v c e s  w e r e  a ll  f o u n d  to 
a c c u m u l a t e  a lo t m o r e  p h y t o e n e  in th e p r e s e n c e  of l O O p M  DPA  
( Cl ar ke , e ^  a l . . 1983). It w a s  a l s o  f o u n d  t h a t  c e l l - f r e e
p r e p a r a t i o n s  s t o r e d  in i c e for any  p e r i o d  of t i m e  b e f o r e  
i n c u b a t i o n ,  or c e l l - f r e e  p r e p a r a t i o n s  f r o m  l es s  t h a n  i d e a l  
m a t e r i a l  t e n d e d  to i n c o r p o r a t e  m o r e  l a b e l  i n t o  p h y t o e n e  t h a n
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e x p e c t e d ;  i n c o r p o r a t i o n  i n t o  - c a r o t e n e  w a s  not
s i g n i f i c a n t l y  a f f e c t e d .  V e r y  l i t t l e  p h y t o e n e  is d e t e c t a b l e  
in v i v o ■ yet t h e  l o ss  of two p y r o p h o s p h a t e  g r o u p s  f r o m  two 
m o l e c u l e s  of G G P P  as p h y t o e n e  is s y n t h e s i z e d  m a % e s  this s te p  
t h e r m o d y n a m i c a l l y  v e r y  f a v o u r a b l e .
Th e a b o v e  o b s e r v a t i o n s  s u g g e s t  t h a t  u n d e r  n o r m a l  
c i r c u m s t a n c e s  the a c t i v i t y  of p h y t o e n e  s y n t h e t a s e  is s o m e h o w  
r e g u l a t e d  and t h a t  thi s r e g u l a t i o n  is:
i) p r e s e n t  in al l c a r A . B , R, S m u t a n t s ;
ii) is d i s r u p t e d  by DPA and ( p e r h a p s )  o t h e r  i n h i b i t o r s ;
iii) m a y b e  o x y g e n  d e p e n d e n t ;
iv) is "frag il e" and p r o n e  to m e c h a n i c a l  d i s r u p t i o n
and q g i n g  in. v i t r o .
C o n s i d e r i n g  t h e s e  p o i n t s ,  t he  f o l l o w i n g  s c h e m e  has b ee n  
c o n s t r u c t e d  in an a t t e m p t  to e x p l a i n  h o w  p h y t o e n e  o v e r ­
a c c u m u l a t i o n  r e s u l t s  in c e l l - f r e e  e x t r a c t s  of P h v c o m v c e s .
It is a s s u m e d  t h a t  p h y t o e n e  s y n t h e t a s e  e x i s t s  in 
t wo sta t e s;  i) a p a r t i a l l y  a c t i v e  f o r m  [I] t h a t  can c o n v e r t  
G G P P  i n to  b o u n d  PP P P  and ii) a f u l l y  a c t i v e  f o r m  th at  is 
c a p a b l e  of p h y t o e n e  s y n t h e s i s , [ A ] . F u r t h e r m o r e ,  it is 
s u g g e s t e d  t h a t  b o u n d  to th e d e s a t u r a s e  c o m p l e x  is a 
t r a n s f e r  p r o t e i n  t h a t  a c t i v a t e s  p h y t o e n e  s y n t h e t a s e  [I] and 
t r a n s f e r s  t he  n a s c e n t  p h y t o e n e  to the d e s a t u r a s e ;  the 
a c t i v i t y  of t h i s  p r o t e i n  m a y  be o x y g e n  d e p e n d a n t .  it is
p r o p o s e d  t h a t  p h y t o e n e  is s y n t h e s i z e d  and t r a n s f e r r e d  to the 
d e s a t u r a s e  as f o l l o w s :-
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i) p h y t o e n e  s y n t h e t a s e - I  b i n d s  t wo  m o l e c u l e s  of G G PP
th a t  are c o n v e r t e d  i n t o  b o u n d  PPPP;
ii) t h e  b o u n d  P PP P  is a t t r a c t i v e  to th e t r a n s f e r  
p r o t e i n  and c a u s e s  p h y t o e n e  s y n t h e t a s e - I  to bind. 
U p o n  b i n d i n g  c o n f o r m a t i o n a l  c h a n g e  p r o d u c e s  the 
a c t i v e  p h y t o e n e  s y n t h e t a s e - A ;
iii) p h y t o e n e  s y n t h e t a s e - A  c o n v e r t s  PP PP  i n t o  p h y t o e n e
and a m o r e  r e l a x e d  p h y t o e n e  s y n t h e t a s e  = t r a n s f e r  
p r o t e i n  c o m p l e x  r e s u l t s  f r o m  t he l os s  of PPPP;
iv) p h y t o e n e  is t h e n  t r a n s f e r r e d  f r o m  the s y n t h e t a s e
to th e d e s a t u r a s e  and th e t r a n s f e r  r e s u l t s  in 
f u r t h e r  c o n f o r m a t i o n a l  c h a n g e  su ch  th at  p h y t o e n e  
s y n t h e t a s e - I  is r e f o r m e d  t h a t  d i s s o c i a t e s  f r o m  the 
t r a n s f e r  p r o t e i n .
It is s u g g e s t e d  t h at  p h y t o e n e  o v e r - a c c u m u l a t i o n  
r e s u l t s  w h e n  f l u x  t h r o u g h  the t r a n s f e r  p r o t e i n  is i n h i b i t e d  
s uc h  t h a t  a c t i v e  p h y t o e n e  s y n t h e t a s e  e v e n t u a l l y  d i s s o c i a t e s  
f r o m  the c o m p l e x  w i t h o u t  the t r a n s f e r  of p h y t o e n e  and
c o n s e q u e n t l y  w i t h o u t  th e d e - a c t i v a t i n g  c o n f o r m a t i o n a l  
c h a n g e s .  I n h i b i t o r s  s uc h  as DPA  ar e p r o p o s e d  to b in d in 
such a w a y  as to o b s t r u c t  t h e  p a s s a g e  of p h y t o e n e  f r o m  the 
t r a n s f e r  p r o t e i n  to t he  d e s a t u r a s e  and the t r a n s f e r  is
e a s i l y  h i n d e r e d  by m e c h a n i c a l  shock . To e x p l a i n  the e f f e c t  
of a n o x i a  on c a r o t e n e  s y n t h e s i s  it is n e c e s s a r y  to p o s t u l a t e  
t h a t  th e a c t i v i t y  of the  t r a n s f e r  p r o t e i n  is d e p e n d e n t  u p o n  
o x y g e n .  Q u i t e  w h a t  o x y g e n  is n e e d e d  for is not k n o w n  and
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FIG. 7:1. PROCESSES LEADING TO PHYTOENE OVER-ACCUMULATION
NORMAL FUNCTION 
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key : P=Phytoene L = Lycopene I = Inhibitor
PF = Phytofluene pc = p-Carotene
e x p e r i m e n t s  d e s i g n e d  to o b s e r v e  t he  q u a n t i t y  and t y p e  of 
p h y t o e n e  p r o d u c e d  f r o m  the  v a r i o u s  m u t a n t s  in a n o x i c  
c o n d i t i o n s  w o u l d  be m o s t  u s e fu l .  The p r o c e s s e s  l e a d i n g  to 
p h y t o e n e  o v e r - a c c u m u l a t i o n  are s u m m a r i z e d  in Fig. 7:1.
Th e h y p o t h e t i c a l  t r a n s f e r  p r o t e i n  m a y  w e l l  be th e  
c a r A p r o d u c t .  C e l l - f r e e  e x t r a c t s  of the C2 s t r a i n  of 
P h v c o m v c e s  (a c a r A m u t a n t )  i n c o r p o r a t e  c o m p a r a t i v e l y  l i t t l e
r a d i o a c t i v i t y  i n t o  p h y t o e n e   p e r h a p s  as a r e s u l t  of
i n e f f i c i e n t  p h y t o e n e  s y n t h e t a s e  a c t i v a t i o n .  H o w e v e r ,  if 
t h i s  is so t h e n  it w o u l d  be e x p e c t e d  t h a t  c e r t a i n  c a r A 
m u t a t i o n s  w o u l d  r e s u l t  in c o n s t i t u t i v e  p h y t o e n e  o v e r ­
a c c u m u l a t i o n  .
7.3 F U T U R E  W O R K
C h e m i c a l  i n h i b i t i o n  of c a r o t e n o g e n e s i s  r e p r e s e n t s  
a l a r g e l y  u n e x p l o i t e d  m e a n s  of w e e d  c o n t r o l .  W h i l s t  c e l l -
f r e e  s y s t e m s ,  such as t h o s e  d e s c r i b e d  in th i s t h e s i s ,  and
a l s o  v a r i o u s  s e e d l i n g s  (see 1:4), h a v e  b e e n  u s e d  to s c r e e n  
p o t e n t i a l  b l e a c h i n g  h e r b i c i d e s ,  v e r y  l i t t l e  w o r k  has be e n  
r e p o r t e d  u s i n g  p l a n t s  a g a i n s t  w h i c h  su c h h e r b i c i d e s  w o u l d  be 
e m p l o y e d .  T h e  net r e s u l t  is th e d e v e l o p m e n t  of ' h e r b i c i d e s '  
t h a t  are p o t e n t  i n h i b i t o r s  of c a r o t e n o g e n e s i s  in the t e st  
s y s t e m s ,  b ut  are not n e c e s s a r i l y  e f f e c t i v e  a g a i n s t  c r o p
p e s t s :  e.g., t he  e x p e r i m e n t a l  h e r b i c i d e s  t h a t R i d l e y  (1982)
f o u n d  to be p a r t i c u l a r l y  e f f e c t i v e  a g a i n s t  b a r l e y  s e e d l i n g s  
(see 1:4:5, 1:4:6) w e r e  not so a g a i n s t  g r e e n h o u s e  c u l t i v a t e d
w e e d  s p e c i e s  (ICI, p e r s o n a l  c o m m u n i c a t i o n ) .  It w o u l d ,
t h e r e f o r e ,  be a d v a n t a g e o u s  if r e s e a r c h  i n t o  n o v e l  h e r b i c i d e s
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w e r e  not so d i v o r c e d  f r o m  t a r g e t  s p e c i e s .  W h i l s t  the 
p r e p a r a t i o n  of c a r o t e n o g e n i c  c e l l - f r e e  e x t r a c t s  f r o m  w e e d  
s p e c i e s  m a y  not  be p o s s i b l e  for s o m e  time, a c o m p a r i s o n  of 
t h e  e f f e c t s  of b l e a c h i n g  h e r b i c i d e s  on the a v a i l a b l e  c e l l -  
f r e e  s y s t e m s  and c u l t i v a t e d  w e e d  s p e c i e s  w o u l d  h e l p  to 
d e t e r m i n e  any s i m i l a r i t i e s  b e t w e e n  t h e m  and a l s o  to a s s e s s  
h o w  u s e f u l  t he c e l l - f r e e  s y s t e m s  are in s c r e e n i n g .
A r g u m e n t s  h a v e  b e e n  f o r w a r d e d  to s u g g e s t  th e use 
of a l g a e  r a t h e r  t h a n  h i g h e r  p l a n t s  to s c r e e n  p o t e n t i a l  
h e r b i c i d e s  by S a n d m a n n  and c o - w o r k e r s  (1979) w h o  a r g u e  that:
1. S u i t a b l e  s p e c i e s  can be e a s i l y  c u l t u r e d  u n d e r  
s e m i - s t e r i l e  c o n d i t i o n s  in w e l l  d e f i n e d  l i q u i d  and 
s i m p l e  m e d i a  w i t h  h i g h  g r o w t h  r a t e s  u n d e r  
c o n t i n u o u s  light .
2. C o n t r o l l e d  g r o w t h  c o n d i t i o n s  can be m a i n t a i n e d .
3. H e r b i c i d e s  can be a p p l i e d  e x a c t l y  via t he  c u l t u r e  
m e d i u m .
4. I n h i b i t o r  e f f e c t s  d e v e l o p  q u i c k l y  a f t e r  a p p l i c a t i o n
5. A b s e n c e  of l o n g - d i s t a n c e  t r a n s p o r t  a l l o w s  for 
s m a l l  s u b s t a n c e  c o n c e n t r a t i o n s  to be t e st e d.
6. A b s o l u t e  q u a n t i t a t i v e  c h a n g e s  of c e l l u l a r  
c o m p o u n d s  can be r a p i d l y  and r e p r o d u c i b l y  
d e t e r m i n e d  w h e n  r e f e r r e d  to the c o n s t a n t  c u l t u r e  
v o l u m e .
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7. D e t e r m i n a t i o n  of u p t a k e .  a c c u m u l a t i o n  and
e x c r e t i o n  of h e r b i c i d e s  (and m e t a b o l i t e s )  can be 
f o l l o w e d .
S i m i l a r  a r g u m e n t s  can be u s e d  to a d v o c a t e  a l g a e  
(or o t h e r  p r i m i t i v e  o r g a n i s m s )  as c h o i c e  m a t e r i a l  for th e  
p r e p a r a t i o n  of c e l l - f r e e  e x t r a c t s .  The  c h a l l e n g e  t h u s  li e s  
in d e v e l o p i n g  an a l g a e  s yst em,  or a c o m b i n a t i o n  of s y s t e m s ,  
a p p r o p r i a t e  to t he t a r g e t  p l a n t  s p e c i e s .
F o l l o w i n g  t h e  d e v e l o p m e n t  of a c r u d e  c e l l - f r e e  
s y s t e m  it is d e s i r a b l e  to a t t e m p t  to p u r i f y  t he c o m p o n e n t  
c a r o t e n o g e n i c  e n z y m e s .  P u r e r  e n z y m e  p r e p a r a t i o n s  w o u l d  
e s t a b l i s h  m o r e  a c c u r a t e l y  t he e f f e c t  of a h e r b i c i d e  on, or 
t he  c o f a c t o r  r e q u i r e m e n t s  of, a p a r t i c u l a r  r e a c t i o n  step, 
s i n c e  the o b s e r v e d  e n z y m e  a c t i v i t y  w o u l d  be f r e e  f r o m  the 
i n f l u e n c e  of o t h e r  e n z y m e s .  E n z y m e  p u r i f i c a t i o n  w o u l d  
r e s u l t  in a b e t t e r  u n d e r s t a n d i n g  of the o r g a n i s a t i o n  of 
c a r o t e n o g e n i c  e n z y m e s  in the v a r i o u s  s p e c i e s  as w e l l  as 
b e i n g  a s t e p  t o w a r d s  e l u c i d a t i n g  e n z y m e  r e a c t i o n  m e c h a n i s m s .  
An u n d e r s t a n d i n g  of b o t h  t h e s e  a s p e c t s  w o u l d  in t u r n  h e l p  
not o n l y  to e x p l a i n  the  h e r b i c i d a l  a c t i o n  of e x i s t i n g  
c o m p o u n d s ,  but h e l p  in th e d e s i g n  of n o v e l  h e r b i c i d e s .  
H o p e f u l l y  th e n a t u r e  of t he  c a r o t e n o g e n i c  e n z y m e s  of w e e d  
s p e c i e s  (or h i g h e r  p l a n t s  in g e n e r a l )  is s u f f i c i e n t l y  
d i f f e r e n t  f r o m  an y m a m m a l i a n  e n z y m e  to a l l o w  the d e v e l o p m e n t  
of a p o t e n t  h e r b i c i d e  t h a t  is r e l a t i v e l y  n o n - t o x i c  to man.
H a v i n g  s u g g e s t e d  h o w  a d e e p e r  k n o w l e d g e  of 
c a r o t e n o g e n i c  e n z y m e s  m a y  be u s e f u l  in the d e s i g n  of n o v e l  
h e r b i c i d e s ,  it is p o s s i b l e  t h a t  h e r b i c i d e s  can be u se d  to
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aid i n v e s t i g a t i o n s  of e n z y m e  s t r u c t u r e s  and m e c h a n i s m s .  A 
h e r b i c i d e  t h a t  is in c o m p e t i t o n  w i t h  the c a r o t e n e  s u b s t r a t e  
r e f l e c t s  th e n a t u r e  of the a c t i v e  s it e  and p o s s i b l y  t he  
n a t u r e  of the s u b s t r a t e  in a t r a n s i t i o n  state. S t r u c t u r e  
a c t i v i t y  s t u d i e s  on h e r b i c i d e s  t h a t  can be s h o w n  to e x e r t  
c o m p e t i t i v e  i n h i b i t i o n  could, t h e r e f o r e ,  p r o v i d e  c l u e s  as to 
h o w  t he  e n z y m e  o p e r a t e s .  It w o u l d  be u s e f u l  to d e t e r m i n e
t he  t y p e  of i n h i b i t i o n  e a c h  h e r b i c i d e  g r o u p  e x e r t s  and 
w h e t h e r  h e r b i c i d e s  e x h i b i t i n g  t h e  s a m e  m o d e  of i n h i b i t i o n  
c o m p e t e  for t he  s a m e  site. S u c h  s t u d i e s  c o n d u c t e d  w i t h  
s e v e r a l  c e l l - f r e e  s y s t e m s  w i l l  h e l p  i d e n t i f y  s p e c i f i c  
h e r b i c i d e  t a r g e t  s it e s  and g i v e  a c l e a r e r  i n d i c a t i o n  of 
d i f f e r e n c e s  in e n z y m e  s t r u c t u r e  b e t w e e n  s y s t e m s :  
i d e n t i f i c a t i o n  of t a r g e t  s i t e s  w i l l  aid h e r b i c i d e  d e s i g n ,  
w h i l s t  d e t e r m i n a t i o n  of d i f f e r e n c e s  in e n z y m e  s t r u c t u r e  
w o u l d  h e l p  a s s e s s  the v a l i d i t y  of a p a r t i c u l a r  s y s t e m  for 
s c r e e n i n g .
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1. Introduction
There are several cell-free systems from eukaryotic 
organisms capable of in vitro carotenogenesis. The 
system from the ïungm Phycomyces, converting 
mevalonic acid (MVA) into (3-carotene has been 
extensively investigated [1,2]. A homogenate from 
Neiirospora can synthesize phytoene from MVA and 
other prenyl pyrophosphates [3,4]. Isolated tomato 
[5],7Vi2rc««<5-flower [6], and Chps/arm-fruit [7] 
chromoplasts are reported to convert isopentenyl 
pyrophosphate (IPP) into (3-carotene and be able to 
catalyze other reactions along this pathway. Recently, 
an Amphidinium homogenate has been found to syn­
thesize xanthophylls and (3-carotene from MVA [8].
We report here on a cell-free carotenogenic system 
from the blue-green alga Aphanocapsa: the first such 
system from an autotrophic prokaryote. The system 
is photosynthetically active and converts geranyl- 
geranyl pyrophosphate (GGPP) into (3-carotene and 
xanthophylls. Data are presented showing the effects of 
various cofactors and 2-phenylpyridazinone analogs 
[9] on the carotenogenic ability of this system.
2. Materials and methods
Aphanocapsa (ATCC 6714) was cultivated for 
4 days in 1-1 Fernbach flasks at 35°C under 15 W/m^ 
fluorescent light. Cultures were harvested with chlo­
rophyll contents of 15 pg/ml. Growth medium and 
general conditions are described in [10]. Spheroplasts 
were prepared by lysozyme treatment (8 mg/ml; 
Sigma,Munich) according to [II] for 2 h at 35°C 
and then suspended in 10 m M  tricine—NaOH buffer
^ To whom correspondence should be addressed
(pH 7.8), [A-tris-(hydroxymethyl)-methyl glycine] 
with lOmM MgCl^ , 2.5 m M  NazHPO^, 2.5 m M  K 2HPO4, 
and 0.5 M sucrose. The untreated suspension was 
diluted 10-fold and washed with either water or 0.4 M 
Tris—HCl (pH 7.8), [tris-(hydroxymethyl)-amino 
methane]. Washed suspensions were spun down and 
the pellet resuspended in 0.4 M  Tris-MCl (pH 7.8), 
to a chlorophyll concentration of 500 /ig/ml (washed 
thylakoid suspension).
The incubation medium was essentially that used 
with Pliycomyces extracts [12] in a final volume of 
500 p\. Radioactive substrates were equivalent to 
0.5 pCi of either GGPP, IPP or MVA (specific activi­
ties 4.22,55 and 10 mCi/mmol, respectively). Unless 
stated otherwise, extracts having a pH of 7.5 were 
incubated for 90 min, at 20°C, under 35 W/m^ white 
light, and contained 100 pg of chlorophyll. Reaction 
was stopped by adding methanol (3.5 ml) and 0.5% 
acetone (v/v) in petrol, b.p. 50—70°C (9 ml). The 
tubes were shaken vigorously and the contents poured 
into a mixture of petrol (10 ml) and saturated NaCl 
solution (50 ml). The petrol phase was collected and 
the solvent evaporated under nitrogen. The residue 
was redissolved in 50 p\ of petrol, placed on silica-gel 
plates (Merck, Darmstadt) and developed in 7% (v/v) 
benzene in petrol. The yellow band was removed, the 
carotenes eluted with diethyl ether, reduced to 200 pi 
in volume under Ni, and applied to activated AI2O 3 
plates (fluorescent type: Merck, Darmstadt) together 
with phytoene marker. These were firstly developed 
for 5 min with 0.6% acetone (v/v) in petrol and sub­
sequently in a chamber containing only petrol. The 
(3-carotene and phytoene bands were scraped off and 
transferred into scintillation vials filled with 3 ml of 
Unisolve I (Zinsser, Frankfurt) and assayed for radio­
activity by liquid scintillation. Data are means of four 
determinations: phytoene and (3-carotene were mea-
Published by Elsevier Biomedical Press
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sured by two independent incubations each done in 
duplicate. .
[2-*‘*C] Geranylgeranyl pyrophosphate was obtained 
from [2-^ '^ C]geranylgeraniol which was chemically 
prepared from [2-^ '^C] ethylbromacetate (Amersham- 
Buchler, Braunschweig) and all-trans farnesyl acetone 
according to [13]. [2-^ '*C]mevalonic acid lactone and 
[1-^'^C] isopentenyl pyrophosphate were purchased 
from the same company.
3. Results and discussion
Table 1 shows how carotenogenic activity of this 
system varies with preparation. Untreated spheroplast 
preparations (no. 1) convert less GGPP but to a lower 
phytoene :]3-carotene incorporation ratio than do 
resuspended ones (no. 2-4). The increased phytoene 
incorporation in resuspended preparations could be 
due to phytoene synthase dissociating from the dehy­
drogenase complex. No phytoene accumulation is 
found in intact cells of Aphanocapsa. As yet, only 
carotenogenic systems from chromoplasts yield such 
an efficient phytoene conversion in vitro with a 
'^^ C-ratio of phytoene ;|3-carotene incorporation of 
0.5 [6,7]. Fungal systems show comparatively poor 
phytoene desaturation in vitro [2,4,12].
A time-course experiment (fig.l) showed signifi­
cant incorporation into phytoene and j3-carotene 
from labeled GGPP after only 10 min incubation. 
Incorporation into phytoene increased only slightly 
during the 135 min incubation with no significant 
deflection as was reported for Narcissus chromo-
5000
p-CaroteneII 3000
2000
Phytoene1000
CL
100 150
Incubation time [m in]
F ig .l. Time course of formation of phytoene and 0-carotene 
from [ ‘‘*C]geranylgeranyi pyrophosphate.
plast time course [6]. We suggest that in Aphanocapsa, 
a tight link exists between phytoene synthesizing and 
metabolizing enzymes allowing rapid phytoene dehy­
drogenation./3-Carotene formation showed a sigmoidal 
time course while saturation was not obtained within 
2 h. It should be noted that this system also synthe­
sizes xanthophylls, but this is the subject of another 
publication.
Cofactor requirements for carotenogenesis were 
assayed with water-washed spheroplasts. It is evident 
from the data (table 2, no. 2) that ATP stimulates 
phytoene synthesis from GGPP. A similar stimulating 
effect of ATP on the conversion of GGPP into phyto-
Table 1
Incorporation o f radioactivity (dpm) from [ ‘^C] substrates equivalent to 0.5 /iCi by thylakoids from Aphanocapsa
equivalent to 100 Mg of chlorophyll
No. Spheroplast treatment, 
substrates added
Radioactivity incorporated into Ratio o f synthesized 
phytoene/0-carotene
phytoene 0-carotene phytoene + 0-carotene
(1) Untreated -f MVA^ 0 0 0
Untreated + IPP^ 0 0 0 —
Untreated + GGPP 50 1098 1148 0.05
(2) Resuspended in Tris-buffer + 
GGPP (0.4 M, pH 7.8) 693 6953 7646 0.10
(3) Washed with buffer, then 
resuspended + GGPP 873 6759 7632 0.13
(4) Washed with water, then 
resuspended + GGPP 1033 7060 8093 0.15
Incorporation o f radioactivity into petrol phase (see section 2) from M VA  was 1794 dpm and from IPP 1999 dpm
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Table 2
Requirement o f cofactors, oxygen, and light for the conversion of geranylgeranyl pyrophosphate into phytoene and/3-carotene
Assay composition and conditions Radioactivity (dpm) incorporated into 
phytoene /3-carotene phytoene + /3-carotene
'"C Ratio of synthesized 
phytoene//)-carotene
(A) All incubations aerobic and illuminated
(1) All nucleotides
(ATP, NAD, NADP and FA D )
or ATP and NAD/NAD P only 1033 4465 5498 0.23
or ATP and FA D  only
(2) All nucleotides except ATP 226 1942 2168 0.12
(3) ATP only 631 3121 3752 0.20
(4) No nucleotides Backgrd.
(75)
288 —
(B) A ll incubations contain all nucleotides
(5) Aerobic and dark 832 4569 5401 0.18
(6) Anaerobic and light 1162 4306 5468 0.27
(7) Anaerobic and dark 5324 467 5791 11.4
Aphanocapsa spheroplasts washed with water (100 pg chlorophyll) were incubated with GGPP equivalent to 0.5 pCi over 
90 min. For complete medium see section 2. Expt. no. 7,8 were done in Thunberg tubes which were evacuated by a water- 
jet pump until foaming had stopped
ene was reported for a tomato-plastid preparation 
[14]. Our studies suggest that Aphanocapsa requires 
only ATP plus either NAD, NADP, or FAD for caro­
tenogenesis from GGPP (table 2, no. 1-^ ). A similar 
nucleotide requirement is found with gel-filtered 
cell-free extracts from the Cl 15 strain of Phycomyces
(I. E. C. et ah, unpublished). The nucleotide require­
ment in tomato chromoplasts is more specific: phy­
toene dehydrogenation requires NADP whilst lycopene 
cyclization requires FAD [15].
Light had no effect on total carotenogenesis in 
aerobic and anaerobic preparations (table 2, no. 5—7).
Table 3
Influence of 2-phenylpyridazinone derivatives on the conversion of geranylgeranyl 
pyrophosphate into phytoene and /3-carotene by a cell-free system from 
Aphanocapsa
Additions (1 juM) Radioactivity (dpm) 
incorporated into
' T  Ratio of
synthesized
phytoene//3-carotene
phytoene /3-carotene
No. R. R3
(1) CF3 NHCH3 9907 1834 5.40
(2) CF3 OCH3 2256 3679 0.62
(3) H OCH3 727 3824 0.19
(4) Control, no addition 624 4033 0.16
Spheroplasts washed with buffer (100 pg chlorophyll) were incubated with GGPP 
equivalent to 0.5 pCi for 90 min
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As washed tliylakoid preparations photosynthetically 
produce oxygen in the light, without électron donors 
or acceptors added (80— 100/rmol/mg chlorophyll X h), 
it is suggested that phytoene desaturation is oxygen- 
dependent. In anaerobic dark samples, conversion of 
phytoene to /3-carotene was drastically inhibited 
(no. 7).
In higher plants and green algae, certain 2-phenyl- 
pyridazinones inhibit phytoene desaturation [9,16]. 
The effect of such compounds on carotenogenesis in 
our cell-free system is presented in table 3. It is seen 
that norflurazon (compound no. 1), BAS 44521 (no.
2), and BAS 13761 (no. 3) exhibit a strong, inter­
mediate and weak effect on phytoene desaturation, 
respectively. These results conform with whole-cell 
studies using Scenedesmus [17] mû. Aphanocapsa 
cultures. A good correlation between in vivo and in 
vitro studies in response to herbicides makes the 
Aphanocapsa cell-free system ideal for testing potencies 
of other bleaching herbicides on photosynthetic 
tissue.
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HERBICIDE ACTION ON CAROTENOGENESIS IN A PHOTOSYNTHETIC CELL-FREE 
SYSTEM
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1
Lehrstuhl fiir Physiologie und Biochemie der Pflanzen, Universitat
2Konstanz, D-7750 Konstanz, Germany, and Department of Bio­
chemistry, Royal Holloway College, Egham, Surrey TW20 OEX, England
INTRODUCTION
Herbicides such as norflurazon [SAN 9789, 4-chloro-5-methyl- 
amino-2-(3-trifluoromethylphenyl)-pyridazin-3(2H)one] (1) and 
difunon [EMD-IT 5914, 5-(dimethylaminomethylene)-2-oxo-4-phenyl- 
2,5-dihydrofurane-carbonitrile-(3)] (2,3) are known to inhibit
phytoene desaturation preventing the biosynthesis of coloured 
carotenes capable of photoprotection. The phytotoxic effect is 
due to a decrease in g-carotene and accumulation of phytoene, the 
latter not being able to protect chlorophyll. Screening tests 
using cultures of the green alga Scenedesmus acutus have shown 
the change in potency in response to modifying these herbicides 
(4). Such structure-activity studies have been extended to an 
in-vitro carotenogenic (thylakoid) system from the blue-green alga 
Aphanocapsa that synthesizes labelled carotenes from [2-”*^C]- 
geranylgeranyl pyrophosphate (GGPP) (5).
This communication reports on structure-activity studies using 
the in vitro Aphanocapsa system. The norflurazon and difunon de­
rivatives investigated here are restricted to aromatic ring sub­
stitutions or to some replacements (difunon only) on the parent 
molecule (Fig.l). Results from this cell-free system are compared 
to those obtained with intact Scenedesmus (comp. ref. [6 ] for
2 -phenylpyridazinones).
METHODS .
Spheroplasts were prepared from 4 day old Aphanocapsa cultures 
by lysozyme treatment according to (7). This preparation was 
washed in excess 0.4 M tris-HCl, pH 7.8 [tris-(hydroxymethyl)- 
aminomethane], pelleted and resuspended in the same buffer to a 
chlorophyll concentration of between 250-300 [ig/ml.. JReaction _
— 5 50 —
mixtures containing 0 . 2  ml of the washed thylakoid suspension were 
incubated for 2 h at 20^0 with the equivalent of 0.5 uCi [2-**^ C] 
GGPP, 4 mM MgSO^, 6 mM MnCl^, 20 mM glutathione, 10 mM ATP, 1 mM
NAD, and 5 ]il herbicide solution in a final volume of 0.5 ml. Re­
actions were stopped with the addition of 3.5 ml methanol. The 
mixture was analysed for incorporation of label into phytoene and
3 -carotene and compounds soluble in petrol ether, as described 
in (5).
Herbicides were dissolved in methanol (norflurazon and deriva­
tives) or acetone (difunon and derivatives) to a stock concentra- 
-3tion of 10 M and diluted as required. The herbicides investigated 
are shown in Table 1 (norflurazon derivatives) and Table 2 (di­
funon derivatives).- Scenedesmus was grown according to (4).
RESULTS AND DISCUSSION
The results of experiments using the in vitro system of Aphano­
capsa are presented in Tables 1 and 2 whilst the 1^^ concentra­
tions deduced using intact cells of Scenedesmus are presented in
Table 3.
Norflurazon derivatives
The results presented in Table 1 show that apart from the
m-SCFg-phenyl and m-CF^-phenyl (norflurazon) derivatives, the
Aphanocapsa thylakoid suspension was quite insensitive to the
other compounds at a 10 ^M concentration. Carotenogenesis was
-5significantly inhibited in this system when incubated with 10 M 
concentrations of the p-CF^-phenyl, m-OSOgCH^-phenyl, and m-CN- 
phenyl derivatives. The remaining compounds (m-NO^, m-OCH^ and 
m-CgH^-phenyl derivatives) were not effective even at this con­
centration (data not shown).
A comparison of Tables 1 and 3 shows that, under the experimen­
tal conditions, cell-free preparations from Aphanocapsa were not 
as sensitive to norflurazon-type compounds as intact Scenedesmus. 
Whilst both systems were most sensitive to the m-SCF^ and m-CF^- 
phenyl derivatives, the Aphanocapsa cell-free system was compara­
tively more sensitive to the p-CF^-phenyl and m-0 S0 2 CH2 -phenyl 
compounds than the m-CN- or m-N0 2 ~phenyl derivatives. In Scene­
desmus cells, this sensitivity was reversed.
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Fig. 1. Structure of difunon and norflurazon with the general 
structures of the derivatives reported in this communication.
TABLE 1
THE EFFECT OF NORFLURAZON DERIVATIVES ON CAROTENOGENESIS
- 6Aphanocapsa thylakoid suspension incubated with 10 M herbicide 
and GGPP equivalent to 0.5 liCi for 2 h at 20*^ C.
Substituents 
at the phenyl ring
Radioactivity (dpm) 
incorporated into: 
phytoene g-carotene
^^C ratio of 
synthesized 
phytoene/3 -carotene
Control 635.7 3169 0 . 2 0
m-SCFg 12540 737.8 17.0
m-CFj^) 5264 1881 2 . 8
P-CF3 731 1607 0.45
m-OSOgCHg 926 2446 0.37
m-CN 886.5 3246 0.27
m-NOg 655.7 2718 0.24
H- 504 2978 0.18
m-OCHj 727 3190 0 . 2 0
a)norflurazon
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TABLE 2
THE EFFECT OF DIFUNON DERIVATIVES ON IN-VITRO CAROTENOGENESIS 
Aphanocapsa thylakoid suspension incubated with various concentra­
tions of herbicide and GGPP equivalent to 0.5 p.Ci for 2 h at 20^0.
Difunon derivative 
(R structure, see 
Fig.l)
Radioactivity (dpm) 
incorporated into: 
phytoene 3 -carotene
T ^ C ratio of 
synthesized 
. phytoene/3 -carotene
A. Concentration: 1 0 "7»
m-SCHg-phenyl 9600 1 1 1 2 8.7
m-CgHg-phenyl 8170 1509 7.2
mfp-Clg-phenyl 6274 1430 4.4
m-OCHg-phenyl 6443 2024 3.2
m-CFg-phenyl 6149 2216 2 . 8
Phenyl (difunon) 2426 2668 0.92
B. Concentration: io“
Phenyl (difunon) 5427 478 1 1 . 2
o-Cl-phenyl 4414 1029 4.3
Phenyl;[%)N-CH=a) 1515 1329 1 . 1
C. Concentration: io”
Phenyl;[2)N-CH=a) 5444 1538 3.5
o,p-Cl2 -phenyl 3265 2127 1.5
p-C^HgO-phenyl 502 3082 0.16
Cyclohexyl 637 4188 0.15
Control (no addition) 400 2743 0.15
a)This group replaces (CH3 )2 N-CH= in difunon
Difunon derivatives
It is observed from Tables 2 and 3 that cell-free thylakoid in­
cubations are as sensitive to difunon derivatives as intact Scene 
desmus cells. Although the potency order of the highly effective 
derivatives (i.e. those more potent than difunon) is somewhat 
different for the systems, both systems contain the same deriva­
tives in that category. It is also noted that both systems show 
a marked difference in sensitivity between the highly effective
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analogs and difunon. It is tempting to suggest that permeability 
across the membrane of Scenedesmus cells causes the halogenated 
derivatives (mfp-Clg-phenyl and m-CF^-phenyl) to be comparatively 
more potent with intact cells (Table 3) and the m-OCH^-phenyl and 
m-SCHg-phenyl analogs to be less potent with respect to incuba­
tions with Aphanocapsa thylakoid suspensions (Table 2). Experi­
ments are under way to test this hypothesis by cultivating Aphano­
capsa in difunon-derivative-containing media.
The similar sensitivity of these two systems towards difunon 
derivatives holds for compounds that are less effective than di­
funon. The only discrepancy is the relative potency of the o-Cl- 
phenyl derivative which is more effective in the Aphanocapsa cell- 
free system. Even at high concentrations, both systems were in­
sensitive to the p-phenoxyphenyl and the cyclohexyl analog.
TABLE 3
Igg CONCENTRATIONS FOR INTERFERENCE WITH CAROTENOID FORMATION OF 
SCENEDESMUS BY NORFLURAZON AND DIFUNON DERIVATIVES
Norflurazon
derivatives
(Substituents at 
the phenyl ring)
^50
[10"®M]^^
Difunon
derivatives
(R structure, 
see Fig.1)
I5 0
m-SCFg 0.4 m,p-Cl2-phenyl 5
m-CFg 1 m-CgHg-phenyl 10
m-CN 8 m-CF3 -phenyl 10
m-NO^ 10 .m-SCH3-phenyl 12
p-CF 71 m-0 CH3 -phenyl 15
H- 180 H- (difunon) 70
m-OSOgCHg 360 I )N-CH= 100
m-OCH^ 1400 o-Cl-phenyl 120
o,p-Cl2“phenyl 500
p-CgH^0-phenyl i.n.d.c)
cyclohexyl i.n.d.c)
taken from [6]
Unpublished data from B.Boehler-Kohler et al., this laboratory 
Inhibition not detectable.
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CONCLUSION
Whilst cell-free preparations from Aphanocapsa show comparable 
sensitivity to difunon derivatives as intact Scenedesmus cells, 
the same cannot be said of the sensitivity towards norflurazon 
derivatives. A Hansch equation, based on Hammett parameters and 
a lipophilicity factor, has been prepared predicting the potency 
of norflurazon derivatives in Scenedesmus cultures (6). In this 
equation, the lipophilicity factor is relatively unimportant. This 
is also apparent in the Aphanocapsa system as the potency of the 
norflurazon analogs does not correlate with the lipophilicity fac­
tor. The differing sensitivities probably reflect different pro­
tein structures of the desaturation enzymes between the eukaryote 
Scenedesmus and the prokaryote Aphanocapsa. We may conclude that 
the inhibition sites for these two herbicide types are different. 
The difunon site is of a similar nature in both eukaryote and 
prokaryote, whereas the norflurazon site appears to be only par­
tially "realised" in the prokaryotic system.
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Inhibition of Phytoene Desaturase — the Mode of Action 
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Assay systems have been developed in order to differentiate between the modes o f action o f 
certain bleaching herbicides. These include inhibition o f chlorophyll or carotenoid biosynthesis, 
and initiation of pigment degradation. Herbicidal compounds with phytoene desaturase as their 
primary target site were investigated in a cell-free carotenogenic system from Aphanocapsa. In a 
comparative study, the structural prerequisites for inhibition o f phytoene desaturase were estab­
lished for both benzophenone analogs and various m-phenoxybenzamides. This inhibitory action 
o f the latter compounds is enhanced by lipophilic groups with certain steric properties.
Introduction
Herbicides are directed towards various processes 
in plants. A typical example of a plant-specific 
target is the (plastidic) photosynthetic apparatus. 
Here, the so-called bleaching herbicides interfere 
with the chlorophyll and carotenoid content of the 
organelle [I, 2].
The bleaching herbicides consist of a group of 
compounds which are heterogenous in their modes 
of action. The term “bleaching” refers to a decrease 
in the amount of pigment after a certain period of 
growth in the presence of a herbicide as compared 
to an untreated control. This pigment deficiency can 
be caused either by initiation of pigment degrada­
tion [3] or by inhibition of biosynthesis of either 
chlorophylls or carotenoids [4]. In this study, we 
report on several means to elucidate the primary 
mode of action of different types of bleaching her­
bicides. In addition, data are presented concerning 
the structural requirements of some groups of herbi­
cidal compounds that inhibit phytoene desaturation.
Materials and Methods
The microalgae Scenedesmus acutus (276-3 a, 
Algal Culture Collection of the University of Got­
tingen) and Aphanocapsa strain 6714 were grown in
Reprint requests to Dr. G. Sandmann or Prof. D r. P. Boger. 
0341 -0382/84/0500-0443 $ 01.30/0
1-1 flasks under sterile conditions. Media and culti­
vation conditions for heterotrophic Scenedesmus 
and Aphanocapsa have been given elsewhere [5, 6]. 
Growth was determined as packed cell volume in 
graduated microcentrifuge tubes of 80 pi capacity.
Chlorophyll determination was carried out after 
hot methanol extraction (65 "C, 15 min) according 
to McKinney [7]. Carotenoids were extracted from 
cells with hot methanol containing 6% KOH (w/v). 
After transfer into petrol (b.p. 60 to 80 °C), the con­
tent of /?-carotene was estimated from the 445-nm 
absorbance peak with an extinction coefficient 
F|cm = 2500. The absorbance maximum at 287 nm 
was taken for calculation of the phytoene concen­
tration.
Thylakoid membranes used for cell-free carotene 
biosynthesis were prepared by lysozyme treatment 
(3 mg/ml; 2-h incubation at 35 to 37 °C). The mem­
branes were collected by centrifugation (3 min, 
1000 x^ ), washed with 0.4 m  Tris-HCl buffer, 
pH 7.8, and resuspended in the same buffer. Details 
of incubation with [2-*'*C]geranylgeranyl pyrophos­
phate (GGPP) and herbicidal compounds, separa­
tion and purification of carotenes by TLC, as well as 
measurement of radioactivity incorporation have 
been previously described [8].
Lipid peroxidation was assayed by monitoring 
the degradation of plastidic sulfolipid of Scenedes­
mus cells in the presence of herbicides. The proce­
dure of prelabeling the sulfolipid was described in a 
previous publication [9]. Scenedesmus was grown for
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2 days in a medium containing lOpCi [^ S^]sulfate 
per liter. Subsequently, the cells were transferred 
into media with unlabeled sulfate, then the herbi­
cides were added and the cells kept under culture 
conditions for 48 h.
Herbicides (99% pure) were added from 10 m M  
stock solutions in methanol or methanol/dimethyl- 
formamide (1:1, v/v).
The herbicidal compounds used in this study 
were kindly provided by the following companies: 
BASF AG, Ludwigshafen/Limburgerhof, Germany, 
nos. 4, 5, 12, 14-24; Celamerck, Ingelheim, Ger­
many, 4-chloro-m-phenoxy benzoic acids for the 
synthesis of no. 26; Ciba-Geigy, Basel, Switzerland, 
no. 9; Eli Lilly Co., Indianapolis, Indiana, USA, 
no. 6; ICI, Bracknell, UK, no. 12a; May and Baker 
Ltd., Dagenham, UK, no. 7; Mitsubishi Chemical 
Industries Ltd., Yokohama, Japan, no. 2; Rhône- 
Poulenc SA, Vitry-sur-Seine, France, nos. 1, 8; 
Rohm and Haas, Spring House, PA, USA, no. 11; 
Stauffer Chemical Company, Richmond, CA, USA, 
no. 10; Sandoz AG, Basel, Switzerland, no. 13; and 
Sumitomo Ltd., Takarazuka, Japan, nos. 25, 27.
Results and Discussion
The green alga Scenedesmus can be grown under 
heterotrophic conditions in the dark with a fully 
developed photosynthetic apparatus, thus prevent­
ing photooxidation of pigments. The effects of cer­
tain compounds on the contents of chlorophylls, 
colored carotenoids, and phytoene under these 
growth conditions are shown in Table I. Compounds 
of group (A) affect the chlorophyll concentration, 
but do not interfere with the carotene content. As 
can be seen from the applied concentrations, 
MK-616 (no. 2) is more effective than oxadiazon 
(no. 1) and DTP (no. 3). We tentatively assume that 
these three compounds are inhibitors of chlorophyll 
formation. Specific assay systems have to be devel­
oped to demonstrate the inhibitory site in the 
chlorophyll-biosynthetic pathway.
Compounds in group (B) and (C) decrease both 
chlorophylls and carotenoids. In the presence of the 
compounds (B), inhibition of carotenoid formation 
is about twice as strong as inhibition of chlorophyll 
formation. In contrast with (C), application of these 
compounds results in a similar decrease of both the 
chlorophyll and carotenoid content. Accumulation
of phytoene was evident with compounds of group 
(B) only. This strongly suggests that these chemicals 
interfere with carotene biosynthesis as proposed 
previously for compounds nos. 4 [10], 5 [11], 6 [12], 
8 [13], and 10 [14]. A concurrent decrease in chloro­
phyll content with chemicals of group (B) is regard­
ed as a secondary response to carotenoid deficiency 
of the cells which is much smaller or nil using 
shorter herbicide treatments, e.g. 1 day instead of 2 
[10, 15].
Acifluorfen methyl (no. 11) and the other nitro- 
diphenyl ether (no. 12) of group (C) are regarded as 
peroxidative compounds [16]. Specific assays for 
peroxidative action and for inhibitors of carotene 
biosynthesis are available [4, 17]. This allows a 
better discrimination of both types of bleaching 
herbicides. Therefore, the influence of oxadiazon, a 
substituted phenoxybenzamide, and its correspond­
ing nitro derivative (no. 12), each taken from one of 
the three herbicide groups of Table I, on a cell-free 
carotenogenic enzyme system and on the content of 
a plastidic lipid was investigated.
As shown in Table II, [2-'‘’C]GGPP is efficiently 
converted into /?-carotene, with comparatively low 
incorporations into phytoene and phytofluene. In 
the presence of the phenoxybenzamide (no. 4), how­
ever, the flow of radioactivity into /9-carotene is 
inhibited and an accumulation of radioactivity into 
phytoene and phytofluene can be observed. A useful 
parameter for inhibition of cell-free carotene bio­
synthesis, the ratio of phytoene//9-carotene, in­
creased over 30-fold. In contrast, oxadiazon, the 
nitrophenoxybenzamide (no. 12), and fomesafen 
gave no pronounced effect. The latter finding cor­
roborates the results with intact Scenedesmus [10]: a 
p-NOi group apparently alleviates inhibition of 
carotenogenesis by a compound like no. 4.
Table III shows the initiation of peroxidative 
degradation of prelabeled sulfolipid in Scenedesmus 
cells. Over a growth period of 2 days, the amount of 
sulfolipid was unchanged and no physiological de­
gradation was observed [9]. Oxadiazon and the 
phenoxybenzamide exhibited no peroxidative prop­
erties at concentrations of 1 pM, whereas the nitro 
derivative (no. 12) is responsible for a 50% degrada­
tion of prelabeled sulfolipid. The peroxidative prop­
erties of compound no. 12, a nitrodiphenyl ether, 
were already demonstrated through light-induced 
formation of short-chain hydrocarbons by Scenedes­
mus c q W s [10].
Table I. Pigments in heterotrophic Scenedesmus grown for 2 days in the presence o f inhibitors o f chlorophyll (A ) and 
carotenoid (B) biosynthesis or in the presence o f peroxidative herbicides (C ).
No. Herbicides added Concen- Chlorophyll Total colored Phytoene Abbreviation
tration [m g/m l pcv], % carotenoids accumula- or number of
applied [m g/m l pcv], % tion compound
[pM] [m g/m l pcv]
Control 
Group A
%
Group B
CONHCjH,
NHCH
Group C
Cl CONHCjH,
Cl COOCH,
4.8 (100) 0.58 (100) n.d.
3.5 (73)
5 3.7 (77)
3.8 (79)
0.1 2 .0 (41 )
0.1 1 .9(39)
O.l 2 .2 (47 )
4.1 (86)
1 1.1 (23)
1 3.1 (64)
0.55 (95) n.d.
0.1 3.8 (79) 0.53 (91) n.d.
0.57 (98) n.d.
0 .15 (26 ) n.d.
0.40 (69) n.d.
Oxadiazon
M K -616
D T P
0.273 (47) 0.041 BAS 174639
0.104 (18) 0.383
0.099 (17) 0.418 Fluridone
0.098 (17) 0.438 M B  38183
0.1 3 .2 (6 6 ) 0.173 (30) 0.115 LS 80.707
0.1 2.1 (44) 0.158 (27) 0.123 C G  A 22867
0.279 (48) 0.052 R-40244
Acifluorfen-
methyl
BAS 177 985
a d . =  not detectable.
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Table II. Cell-free carotene synthesis in the presence o f bleaching herbicides (10 pM).
No. Addition
Control
Cl._xcOCHtCHj),
4 CFj-
12
Oxadiazon
Cl
12 a c F , - ^ - o - ^ - N o ,
Cl CONHSO2CH,
Fomesafen
Incorporation o f radioactivity [dpm] into Phytoene/
------------------------------------------------------------------  /^-carotene
Phytoene Phytofluene )?-Carotene ratio
68
89
1562
137
61
50
59
174
53
53
1004
986
494
1112
902
0.07
0.090
3.16
0.12
0.07
Isolated Aphanocapsa thylakoids incubated with 0.7 pCi [2-*'*C]GGPP, 2 h, at 20 °C  (see Methods 
and [8]).
Table III. Degradation o f ^^S-prelabeled sulfolipid in 
Scenedesmus cells by bleaching herbicides (1 pM).
No. Addition Radioactivity
in sulfolipid
(10^ dpm/1 suspension)
Control
(CHjjjC'^O'^O
223Cl _ Cl
ocHfCHj), 239)CC
Oxadiazon
CONHCgH*
12 CF,
226
104
Incubation time was 2 days, w ith herbicides added, under 
culture conditions.
From the results of Tables II and III it can be seen 
that the mode of action of bleaching herbicides is 
strongly dependent on certain substituents of the 
molecule. The insertion of a nitro group into the 
phenoxybenzamide (no. 4) alters an inhibitor of 
carotene biosynthesis into a compound with peroxi­
dative properties. A substantial additional contribu­
tion of carotene-biosynthesis inhibition to bleaching 
activity can be excluded with our cell-free caro­
tenogenic system.
Table IV compares inhibition of carotene biosyn­
thesis either in intact cells or in cell-free prepara­
tions of Aphanocapsa by /nem-substituted 2-phenyl­
pyridazinones [11]. Column (2) shows a decrease in 
)?-carotene formation by the cells. Concurrently, an 
accumulation of phytoene and phytofluene was 
observed with all active analogs. For compounds 
nos. 5 and 13 these precursors were determined 
quantitatively. With Aphanocapsa cells phytofluene 
is always formed with these inhibitors in contrast to 
Scenedesmus, where phytoene alone is seen. Column
(1) demonstrates the degree of inhibition in the cell- 
free Aphanocapsa system by the “inhibition index” 
which is defined as the ratio of '“^C incorporated 
into phytoene to '’C-labeled yî-carotene as referred 
to the same ratio of the untreated control. Thus a 
figure higher than 1 indicates inhibition. The
2-phenylpyridazinones are arranged in the order of 
decreasing inhibition of cell-free carotenogenesis. 
This arrangement of compounds also matches in­
hibition of /^ -carotene formation in Aphanocapsa 
cells except for the m-NO; (no. 21) and p-CF] (no. 
23) analogs which show higher relative activity in 
m\.actAphanocapsa cells than in its cell-free system.
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Table IV. Inhibition of carotene synthesis by norflurazone derivatives (phenyl-ring substituents) 
in both the cell-free and cellular system o f Aphanocapsa.
No.
0 Cl
Concentration (1)
Inhibition index‘d 
o f the cell-free 
system
(2)
Inh ibition  of/7-carotene 
formation in intact 
Aphanocapsa cells 
% control
Control 1 100 =
5 m-SCF] 85 11*»
13 m-CF] 14 33=
14 m -O SO jC H j 1.9 90
15 m -CN 1 PM 1.4 72
16 m -NO ; 1.2 61
17 m -O CH] I 96
18 m-H I 92
19 m -OSOiCH] 27.3 48
20 m -CN 8.6 67
21 m -NO i 60 pM 3.0 21
22 m -O CH] 2.8 77
23 p-C F] 1.5 47
24 m-H 1.4 75
® Equivalent to 620 pg /î-carotene/ml pcv;  ^additional accumulation o f phytoene (1330 pg/m l 
pcv) and phytofluene (247 pg/m l pcv); "= phytoene 1026 pg/m l pcv and phytofluene 297 pg/m l 
pcv; ** for definition see Fig. 1; here, the index is referred to 1 pM or 60 pM o f herbicide, respec­
tively.
Apparently, most inhibitors of carotene biosyn­
thesis affect the same target — the phytoene-desa- 
turase complex. Three potential sites of herbicide 
interference, all resulting in phytoene accumulation, 
can be postulated. As desaturation of phytoene to 
phytofluene is an oxidative reaction in Aphanocapsa
[8] which may involve an electron-transfer system
[18], inhibition of either the dehydrogenation reac­
tion or of electron transfer to oxygen is possible. In 
addition, isomerization has to occur somewhere 
between 15-m phytoene, the product of phytoene 
synthase, and the colored carotenoids which have 
the aW-trans configuration. Further experiments will 
have to show whether isomerization of cis- to trans- 
carotenes occurs at phytoene or phytofluene. If this 
takes place at the level of phytoene, the isomerase 
may be another target. However, herbicide-induced 
accumulation of phytoene together with phyto­
fluene as reported for difunones [19] and shown 
here for m-phenoxybenzamides (Table II) or 2- 
phenylpyridazinones (Table IV) excludes inhibition 
of phytoene isomerization for these compounds, 
since phytofluene is also accumulated.
The structures of the inhibitors of phytoene 
desaturation are very different (see Table I, group B). 
For diphenylamine- and benzophenone-type com­
pounds Rilling [20] suggested competition with
phytoene for the catalytic site of the phytoene- 
desaturase complex. In Figure 1, we have tried to 
establish a structural relationship between inhibi­
tors and phytoene. A phytoene segment is shown, 
and the arrow indicates the position where the 
double bond is inserted by desaturation. The benzo­
phenone compounds chosen in Fig. 1 exhibit maxi­
mum inhibition activity in our cell-free system, 
when parts of their structure resemble the phytoene 
segment. For example, it can be assumed that the
Table V. Inhibition o f carotenogenesis by m-phenoxybenz­
amides (10 pM ); influence of phenoxy substituents on in ­
hibition of phytoene desaturase (cell-free Aphanocapsa 
system).
No.
CONHC,H,
Substituent R
Lipophilicity
71*
Inhibition
index
25 H 0 14.6
26 4-chloro 0.71 19.0
27 2,5-dimethyl 1.12 29.4
12 2-chloro,
4-trifiuoro-methyl 1.59 45.1
* Values for n were taken from [22]; for definition of the 
inhibition index see legend of Fig. I.
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Phytoene segm ent
Benzophenone 1=144
1= 48
0X 0
1.3-D iphenylacetone 1=3.0
OH
I
N
Benzophenone oxime 1=6.0
NH,
I
N
II
Benzophenone hydrozone 1=1.2 
0
Diphenylamine 1=14.4
Phenoxy benzamides
Fig. 1. Structural relationship o f inhibi­
tors of phytoene desaturase. Inhibition  
index I is defined as the ratio o f ‘'’C in­
corporated into phytoene to ^ff-carotene in 
the presence o f 10 pM inhibitor as refer­
red to the same ratio o f the untreated 
control. See Table V  for inhibition in­
dices of m-phenoxybenzamides.
left-hand benzene ring of benzophenone mimics the 
chromophore of phytoene, while the central portion 
fits into the active site which is then blocked by the 
0X 0 group. When the right-hand benzene ring is 
brought out of phase by insertion of an additional 
CH2-group, thus hindering the attachment of the 
inhibitor, inhibition decreases as indicated by lower 
values of the inhibition index I. When both benzene 
rings are out of phase, inhibition is found to be even 
lower. Substitution of the carbonyl group by an 
amine results in a similarly effective inhibition, 
whereas replacement by an oxime or hydrazone 
decreases the activity since, apparently, these sub­
stituents are too bulky to allow a close contact be­
tween the inhibitor and the desaturase complex. 
These differential inhibitory properties can also be 
observed with a fungal carotenogenic enzyme 
system [21]. By analogy to the benzophenone deriva­
tives it can be assumed for m-phenoxybenzamides 
that part of the molecule resembling the phytoene 
structure (bold-drawn part) is essential for inhibi­
tion of phytoene desaturation. In addition, the 
phenoxy moiety apparently enhances the inhibitory 
activity by increasing the lipophilicity of the mole­
cule (Table V). The lipophilicity of substituents and
inhibition index of the corresponding compounds 
increase concurrently.
Phytoene desaturation in cell extracts from Phy­
comyces is under negative control of neurosporene, 
lycopene, /7-zeacarotene, and y-carotene which are 
all intermediates of /^ -carotene biosynthesis [23]. 
Therefore, we cannot exclude the possibility that 
some compounds of Fig. 1 might act in a similar 
way on phytoene desaturase at an allosteric site. If 
this were the case, non-competitive inhibition by 
these compounds would be expected. Experiments 
are under way to show whether inhibition is of a 
competitive or non-competitive type. However, 
these data are difficult to obtain, since ('‘’C-labeled) 
phytoene has to be solubilized with detergents and 
these — in tum-decrease the activity of the caro­
tenogenic system.
Detailed knowledge about targets of phytotoxic 
chemicals and their effective structural elements 
should be helpful in the development of new herbi­
cidal compounds. These data represent a first bio­
chemical approach towards elucidating the mode of 
action of bleaching herbicides which inhibit “phy­
toene desaturase”. The recent development of a cell- 
free system including photosynthetically active
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membranes provides a means of characterizing the 
enzyme complex responsible for formation of /?- 
carotene and of predicting structures of potential 
inhibitors directed towards the enzymes of carotene 
biosynthesis.
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Carotenoid Biosynthesis, Bleaching Herbicides, Inhibitors o f Phytoene Desaturation,
Phycomyces blakesleeanus. Cell Extracts
Cell extracts o f the C l 15 (/?-carotene-accumulating) strain o f Phycomyces blakesleeanus were 
incubated with either [2-‘'*C]MVA or [1-‘‘*C]IPP and a range o f possible inhibitors o f caro­
tenogenesis, including bleaching herbicides, biphenyl compounds and geranylacetone. Several o f 
these compounds were potent inhibitors o f ^-carotene formation and caused the accumulation o f 
phytoene. No other carotenes were found to accumulate, in vitro.The structures o f these inh ib i­
tors, compared to that o f phytoene, suggest that they affect the enzymic activity o f “ phytoene 
dehydrogenase”, possibly by competitive inhibition.
Introduction
A wide range of compounds are known to inhibit 
the biosynthesis of carotenoids. These include 
bleaching herbicides [1], algal excretion products
[2], diphenylamine and related compounds [3, 4] and 
a large number of onium derivatives [5]. In most 
cases, especially in plant tissues, the desaturation of 
carotenes is affected, resulting in the accumulation 
of phytoene and/or /9-carotene [6]. Most studies on 
the mode of action of inhibitors of carotenoid for­
mation have used whole cells or tissues, mainly 
because of the lack of effective carotenogenic 
enzyme systems from photosynthetic tissues. Al­
though this problem has been somewhat alleviated 
with the development of an active preparation of 
thylakoids from Aphanocapsa [7, 8], cell extracts of 
the fungus Phycomyces blakesleeanus represent one 
of the best characterized cell-free systems yet avail­
able for in vitro studies on carotene biosynthesis. In 
this publication we describe the effects of a range of 
compounds, including bleaching herbicides, on 
carotenogenesis by this model system.
Abbreviations: M V A  mevalonic acid; IPP. isopentenyl 
pyrophosphate; J852, 4-isobutoxy-2-isopropylamino-6- 
methyl-pyrimidine.
Reprint requests to D r. P. M . Bramley. Lehrstuhl für 
Physiologie und Biochemie der Pflanzen, Universitat Kon­
stanz, D-7750 Konstanz.
0341-0382/84/0500-0460 $0 1 .3 0 /0
Materials and Methods
The Cl 15 car S42 mad 107 (—) strain of Phycomy­
ces blakesleeanus was obtained from the culture 
collection of the Departamento de Genetica, Uni- 
versidad de Sevilla, Spain. Its growth and main­
tenance conditions have been described previously
[9].
The preparation of cell-free extract, incubation 
conditions, and the extraction and purification of 
radioactive carotenes have been described in detail 
in earlier publications [10, 11]. Radioassay of the 
purified carotenes was by liquid scintillation count­
ing [12]. Inhibitors (10 pi) were added in methanol 
solutions prior to addition of cell extracts to the 
incubations. Methanol (10 pi) was similarly added 
to control incubations.
Results and Discussion
As inhibitors of carotene formation, neither 
fluridone nor J852 were effective in vitro, as they are 
in photosynthetic tissues. In both cases, their /50 
values are significantly (—) lower in higher plants 
than the concentrations used in this study. Difunon 
was more inhibitory and caused a significant accu­
mulation of phytoene, while amitrole prevented the 
formation of all carotenes, but apparently stimu­
lated squalene biosynthesis (Table I). None of these 
four herbicides caused an accumulation of (-caro­
tene, in contrast to reports of the effect of both
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Table I. The effect o f certain bleaching herbicides on carotene formation in cell extracts of 
Phycomyces.
Treatment % of Total 
lipid incorporation
phytoene ^-carotene
Ratio
phytoene/
/7-carotene
Reported effect 
in plants 
[see ref. 6 ]
Control 10.3 10.4 0.99 -
I  Fluridone
10"^ M 1 0 . 8 9.3 0.87 accumulation
10-5 M 14.6 1 0 . 6 10.3 o f phytoene
10- ' ‘ m 25.1 4.9 1 2 . 0
I I  Difunon
10-5 M 35.2 11.5 3.07 accumulation  
of phytoene
I I I  Amitrole
10-5 M
IV  J852
0.31 0.26 0 .06* accumulation o f 
acyclic carotenes
10-5 M 12.7 1 1 . 0 1.15 accumulation o f
10-'  ^M 2 0 . 6 12.5 1.65 C-carotene
All incubations were carried out with 1 pCi D L-[2-''*C ]M V A .
*  Incorporation into squalene increased 2.5-fold compared to the control.
Table II. Structure-activity relationships o f N-alkylphenoxybenzamides (60 pM ) on carotenogene­
sis in Phvcomvces cell extracts.
4 5
J ,
# 0 .
5* S' 2 1 CONHR
Substituent Incorporation [dpm ]* 
phytoene /7-carotene
Ratio
phytoene//S-carotene
Control 8922 31281 0.29
R — CH 2 C H 3 18257 30838 0.59
R  =  - C H 2 C H 2C H 2C H 3 44822 14810 3.0
R  =  -C H 2C H 3;2 '-C 1;4 '-C F3 35944 17213 2 . 1
R  =  -C H ,C H 3 ;2 '-C 1 ;  
4 '-C F3;6-N 02 21423 17795 0.77
* From 0.25 p C i[ l - ' ' ‘C]IPP.
Data are averages o f 3 experiments, s.d. <  10%.
amitrole [13] and J852 [6] in higher plants. These 
differences between in vitro and in vivo sensitivites 
may be either a result of the carotenogenic enzymes 
being fundamentally different in Phycomyces and 
photosynthetic tissues, or because the principal 
target site of these herbicides is other than binding
to the enzyme responsible for the metabolism of 
phytoene.
Another group of bleaching herbicides, the 
N-alkylphenoxybenzamides, were found to inhibit 
in vitro carotenogenesis (Table II). Their relative 
effectiveness, however, was related to the substi­
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H 0
Oiphenylacetone Benroylmethytaniline Benzoin Deoxyt>enzoin
0 CH3
C H ,
Geranylacetone
Fig..l. Structures o f biphenyl compounds, acetophenone and geranylacetone.
Table III. Inhibition o f in vitro carotenogenesis by biphenyl derivatives and geranylacetone.
Compound 
[100 PM]
Incorporation [dpm ]* 
phytoene /7-carotene
Ratio
phytoene/)^-carotene
Control 43738 6240 7
Methoxybenzophenone 182825 144 1270
Diphenylamine 158603 304 522
Geranylacetone 175630 406 • 433
Diphenylmethane 144900 420 345
Benzophenone 127712 478 267
9-Fluorenone • 172327 1373 126
Benzophenone oxime 223349 1110 93
Benzoyl methyl aniline 87351 1419 62
Deoxybenzoin 188869 3777 50
Oiphenylacetone 168024 5310 32
Benzoin 48504 5426 9
Benzophenone hydrazone 70078 6492 9
Acetophenone 50386 6298 8
♦ From 0.5 pCi D L -[2 -''‘C ]M VA. 
See Fig. 1 for structures.
tuents attached to the amide group and to the 
aromatic rings. A butyl moiety on the amide group 
was the most effective, whilst the potency of ethyl- 
phenoxybenzamide was enhanced on addition of 
lipophilic groups to the 2'- and 4'-carbon atoms. 
Introduction of a 6-NO2 group resulted in an ap­
proximately 3-fold decrease in inhibitory activity. 
These data confirm the results with both a thyla- 
koid preparation of Aphanocapsa [14] and whole
cells of Scenedestnus [15]. In this context, it is inter­
esting to note that the 6-NO2 derivative is still her- 
bicidal in vivo, since it shows peroxidizing proper­
ties [16].
Of the 11 biphenyl compounds tested for inhibi­
tory activity, 9 caused significant changes in the 
incorporation or radioactivity from [2-‘'’C]MVA 
into carotenes (Table III). The algal excretion pro­
duct geranylacetone [2] was also a potent in vitro
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Phenoxy benzamides
Bond to t>e
Biphenyl compounds
Fig. 2. Structural similarities between phytoene, alkyl- 
phenoxybenzamides and biphenyl compounds.
inhibitor of desaturation. A comparison of the 
structure-inhibitory activity relationships of these 
compounds with the CI2— C8' portion of the phy­
toene molecule (Fig. 2) provides support for the 
hypothesis that inhibitors of phytoene desaturation 
compete for the active site of the dehydrogenase 
[4, 17]. Diphenylamine has previously been shown to 
inhibit the activity, rather than the synthesis of 
phytoene desaturase [3]. Those compounds exhibit­
ing maximum inhibitory activities fit most closely 
with this region of the phytoene molecule. They all
contain at least one C=C bond, and in the case of 
the biphenyl compounds, have either 1 or 3 atoms 
between the rings (Fig. 1). Benzoin and deoxy­
benzoin, both of which have 2 inter-ring C atoms, 
and acetophenone which has a single aromatic ring, 
are poor inhibitors of phytoene metabolism. Appar­
ently, the presence of either N-atoms or oxo groups 
has little effect on inhibitory activities, although a 
bulky, charged moiety such as a hydrazone presum­
able prevents efficient binding to the enzyme. The 
phenoxybenzamides can also be envisaged as com­
petitive inhibitors of phytoene desaturase, due to 
the structural similarities between the C40 polyene 
chain and the side chain of the benzamide molecule 
(Fig. 2). The precise modes of action of these 
inhibitors must await a more detailed understand­
ing of the enzymes involved in carotene formation.
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S U M M A R Y
Inhibition of carotenoid biosynthesis by herbicidal m-phenoxy- 
benzamide derivatives has been investigated in a cell-free carotene- 
genic system from Aphan o c a p s a . Their target is the phytoene d e ­
saturase reaction. Double-reciprocal plots of 3-carotene biosyn- 
1 4thesis (from C-labeled geranylgeranyl pyrophosphate) showed 
that 3-(2,5-dimethylphenoxy)-N-ethylbenzamide (S-3422) is a non­
competitive inhibitor of the phytoene-desaturase complex. The 
K^-value for cell-free inhibition of 3-carotene formation was 
about identical to the I^^-value of intact cells.
Furthermore, the influence of certain substituents on herbi- 
cidal activity has been investigated. Inhibition increased with 
the length of the unbranched N-alkyl chains. In addition, sub­
stituents at the phenoxy group with higher lipophilicities 
showed greater inhibitory activities. The presence of a phenoxy 
or trifluoromethyl moiety at position 3 was essential.
. . / 2
- 3 -
INTRODUCTION
The biosynthetic pathway of carotenoids is one of the promi­
nent targets for herbicides directed against the chloroplast 
[see (1) for review]. These inhibitors of carotene synthesis 
usually cause the accumulation of phytoene. Their interference 
with phytoene desaturation has been demonstrated directly with 
cell-free systems obtained from different organisms (2,3,4).
Recently, a certain group of diphenyl ethers, the N-alkyl-
3-phenoxybenzamides has been found to inhibit carotene biosyn­
thesis in microalgae (5,6). The inhibitory action of these 
compounds is strongly dependent on their substituent groups.
In this study, we have investigated the inhibitory proper­
ties of phenoxybenzamides in a cell-free carotenogenic system 
from Aphanocapsa (7). In addition, a range of benzamides
substituted at various positions of the molecule, has been 
compared in vitro.
MATERIALS AND METHODS
The blue-green alga Aphanocapsa  ^strain 6714, was grown in a 
liquid mineral medium at 35 °C according to (7). Cell density 
was determined as packed cell volume (pcv) in calibrated micro- 
centrifuge tubes of 80 111 capacity.
The chlorophyll content of membranes was measured by its ab­
sorbance in 80% acetone (8). Carotenoids were extracted from 
Aphanocapsa cells with hot methanol (65 C^) containing 6% KOH. 
From these extracts total colored carotenoids were removed by 
partition with 10% diethyl ether (v/v) in petrol (b.p. 60 to 
80 °C), while 3-carotene was isolated by partition with petrol
. ./4
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alone. Values of for cell-free 3-carotene formation were de­
termined as described by Dixon (9). The I^.-values for the
d u
formation of total colored carotenoids, in the presence of in­
hibitors, were obtained by a modified Dixon plot (10).
Cell-free carotene biosynthesis, with [ 3-  ^"^C ] geranylgeranyl
pyrophosphate (specific activity 10 mCi/mmol) as the substrate,
was carried our with membranes from Aphanocapsa. The details
1 4of this procedure have been described previously (7). C-Geranyl- 
geranyl pyrophosphate was synthesized by Dr. G. Schultz, Hannover, 
Germany, according to (11).
Compounds nos. 3 to 7 were prepared from phenoxybenzoic acid, 
following conversion to the acid chloride with thionyl chloride,
:by ifeaction with the .:appropria'te~alkyr: amines. The resulting pro­
ducts were easy to be crystallized and were recrystallized 
once or twice from chloroform by the addition of petrol. For 
the preparation of compounds no. 9, 12, 13, and 14, 3-(4-chlo- 
rophenoxy)benzoic acid, 2-phenoxybenzoic acid, and 4-phenylazo- 
benzoic acid, were ,used, respectively. The purity of the syn­
thesized phenoxybenzamides was verified by NMR-spectroscopy in 
CDCl^. The compounds showed the expected displacement profiles 
and correlations of proton ratios.
Other inhibitors used in this study were kindly provided 
by the following companies: BASF AG, Ludwigshafen and Limburger- 
hof, Germany, nos. 11 and 15 to 18; Celamerck, Ingelheim, Germany, 
nos. 1, 8, and 3-(4-chlorophenoxy)benzoic acid; and Sumitomo Ltd., 
Takarazuka, Japan, nos. 2, 10. The compounds used for the syntheses 
of benzamides were purchased from Aldrich Company (German branch.).
. ./5
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RESULTS
Increasing concentrations of S-3422 [3-(2,5-dimethy1phenoxy)- 
N-ethylbenzamide] interfered with cell-free carotenogenesis per­
formed by a membrane preparation from Aphanocapsa, as measured 
by the decreasing incorporation of radioactivity from ^^C- 
geranylgeranyl pyrophosphate (GGPP) into 3-carotene (Fig.l). 
Simultaneously, an increase in radioactivity incorporated into
phytoene was observed. Double-reciprocal plots of 3-carotene
1 4
biosynthesis from C-GGPP, at 5 and 20 |iM S-3422 , resulted in 
straight lines, all of which intersected at the same position 
(-1/K^) on the abscissa (Fig.2). This observation indicates 
that S-3422 inhibits carotene biosynthesis non-competitively.
The apparent K^-value is 52.6 |.lM. Dixon plots exhibited linearity 
between inhibitor concentration and reciprocal carotenoid forma­
tion, when either I^^-values (i.e. concentration of an inhibitor 
yielding 50% inhibition) for carotenoid synthesis in intact 
Aphanocapsa cells (Fig.3A), or the inhibition constant (dis­
sociation constant of the desaturase-inhibitor complex) of cell- 
free 3-carotene formation (Fig.38), were determined. The re­
sulting I^Q- and K^-values are very similar, at 7.3 and 9.2 iiM, 
respectively.
Table 1 shows the inhibition of cell-free carotene biosyn­
thesis by m-phenoxybenzamides which contain different N-alkyl
chains. All of the benzamides assayed decreased incorporation 
1 4of C from GGPP into 3-carotene. Radioactivity accumulated in 
phytoene and phytofluene under these conditions. The ratio of 
radioactivity in phytoene versus 3-carotene, which is an in­
dicator of the inhibitory activity of the phenoxybenzamides (6), 
increased in parallel with the length of the N-alkyl chain. In
. . / 6
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the case of butyl derivatives, the n-butyl moiety (no.4) showed 
less inhibitory activity than the branched sec- (no.6) or even 
tert-buty1 derivatives (no.7). The same was found for the n- 
(no. 3) and iso-propyl chains (no.5). Insertion of a double bund 
into the propyl chain (no.8) slightly decreased the degree of in­
hibition. These relative changes of in vitro inhibitory activ­
ities, after modification of the N-alkyl chain of the phenoxy­
benzamides, were also observed with intact Aphanocapsa cells, 
when assayed for their 3-carotene content (Table 1, last column).
All the substituted m-phenoxybenzamides of Table 2 showed in­
hibition of the cell-free conversion of phytoene into 3-carotene, 
regardless of the positions of the substituents. Accumulation 
of phytoene was highest with the_2Tchloro, _4-trifluoromethyl 
compound (no.1), but decreased with the insertion of 2,5- 
dimethyl (no.10) groups, or a 4-chloro substituent (no.9).
Replacement of the 3-phenoxy moiety (no.4) by a 4-phenylazo
(no.14) or a 2-iodo group (no.13) resulted in total inactivation
of N-butylbenzamides as inhibitors of phytoene desaturation
(Table 3). Accumulation of radioactivity in phytoene was no
1 4longer observed and the C-incorporâtion ratio between phytoene 
and 3-carotene was similar to that of the treated control. A
3-CF^ moiety (no.15) was strongly inhibitory in vitro (10 uM), 
but Br, CH^ or OCH^ groups were not. When the same concentrations 
were used with intact cells, however, no effect was observed. 
Although the 2-phenoxy compound (no.12) showed substantial inhibi­
tion, it was much lower than that of the very active 3-phenoxy- 
benzamide (no.4). A 4-phenoxybenzamide would have been useful 
for comparison, but it was not available.
/'/
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DISCUSSION
The decrease of 3-carotene in whole cells of Aphanocapsa, 
after application of m-phenoxybenzamides, is similar to that 
reported previously for Scenedesmus cells (5). In addition, 
however, the use of a cell-free system from Aphanocapsa has 
made it possible to localize the site of action of these her­
bicides. The inhibition of in vitro 3-carotene formation, from 
14 C-GGPP, and the concurrent accumulation of radioactivity in 
phytoene (Fig.l) strongly indicates that these m-phenoxybenz- 
amides specifically inhibit the desaturation of phytoene.
The possible nature of this inhibitory action as either direct
competition with phytoene for the active site of the enzyme, or
else non-competitive inhibition similar to that found for cer-'
tain unsaturated carotenes (12), has been discussed recently (6).
The double-reciprocal plots of in vitro 3-carotene formation with
14L
increasing concentrations of ‘C-GGPP show identical K -values ^ m
regardless of the presence of S-3422 (Fig.2). These data are 
indicative of non-competitive inhibition by this compound. A 
comparison of the I^^-value for the inhibition of in vivo 3-caro­
tene formation by S-3422 with the K^-value in the cell-free sys­
tem (Fig.3) shows them to be almost identical, within experimental 
error. This similarity also suggests non-competitive inhibition 
(13) provided that uptake by intact cells is non-limiting. This 
is the case for S-34 22. However, the m-CF^-benzamide (no.15), 
which is very active in the cell-free assay (Table 3), is probably 
not taken up by Aphanocapsa and Scenedesmus cells.
In cell extracts of Phycomyces, phytoene desaturation is under 
feed-back aliosteric control by neurosporene, lycopene, 3-zca- 
carotene and y-carotene (12). From the data in Figures 2 and 3 
it is possible that S-3422 inhibits in a similar way.
. ./8
It is noteworthy that S-3422 is a more potent inhibitor in 
the green alga Scenedesmus, where the I^^-value is about one 
tenth of that for Aphanocapsa (5). Since a cell-free system of 
Scenedesmus is not yet available, we chnnot judge whether this 
difference in sensitivity is due to different uptake rates into 
whole cells, or to a more fundamental difference in the nature 
of the inhibitory action in green and blue-green algae.
The degree of inhibition of phytoene desaturation by phenoxy­
benzamides is dependent on the substituents of the molecule 
(5,6). The data in Table 1 give some indication as to the in­
fluence of certain groups on activity. An increase in the 
length of the N-alkyl chain results in more potent inhibitors. 
However, the presence of branched alkyl chains or the intro­
duction of a double bond in the chain results in a decrease 
in inhibitory activity as compared to the straight chain moiety 
with the same number of carbon atoms. Clearly, unbranched N- 
alkyl chains are sterically favorable in this respect. Other 
comparative studies with inhibitors of phytoene desaturation 
have shown that the amide group of the phenoxybenzamides, in­
cluding the alkyl chains, is essential for the inhibitory activ­
ity of these herbicides (4,6). The N-alkyl chain may mimic part 
of a carotene molecule with respect to binding to the enzyme.
All substituents at the phenoxy moiety increase herbicidal 
activity, regardless of their position. We tentatively assume 
that lipophilicity of this group alone determines the potency 
of these phenoxybenzamides.
As can be seen from the compounds assayed in Table 3, a 
phenoxy group gives the best inhibition when at position 3. Its 
replacement by other substituents, positioned at carbon 2 or 4,
. -/9
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results in a total loss of inhibition. A benzamide with a CF^- 
moiety at position 3, however, again shows herbicidal activity. 
This finding is a further indication that the amide group is 
the essential structural element (4,6). It has already been 
shown by in vitro (6) and in viVo (14) experiments that bulky 
substituents on the phenyl ring next to the amide group (e.g. 
the 4-NO^ derivative) decrease the inhibitory action on carotene 
biosynthesis.
These results, together with a quantitative study on the 
strueture-activity relationships of these compounds which is 
under way, may provide some help towards a rational approach 
for the synthesis of phenoxybenzamide herbicides of known phyto­
toxicity. - ■
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